Tadpole shrimp (Triops longicaudatus) responses to acute and developmental hypoxic exposure by Harper, Stacey Lynn
UNLV Retrospective Theses & Dissertations 
1-1-2002 
Tadpole shrimp (Triops longicaudatus) responses to acute and 
developmental hypoxic exposure 
Stacey Lynn Harper 
University of Nevada, Las Vegas 
Follow this and additional works at: https://digitalscholarship.unlv.edu/rtds 
Repository Citation 
Harper, Stacey Lynn, "Tadpole shrimp (Triops longicaudatus) responses to acute and developmental 
hypoxic exposure" (2002). UNLV Retrospective Theses & Dissertations. 2513. 
http://dx.doi.org/10.25669/cxda-9q1p 
This Dissertation is protected by copyright and/or related rights. It has been brought to you by Digital 
Scholarship@UNLV with permission from the rights-holder(s). You are free to use this Dissertation in any way that 
is permitted by the copyright and related rights legislation that applies to your use. For other uses you need to 
obtain permission from the rights-holder(s) directly, unless additional rights are indicated by a Creative Commons 
license in the record and/or on the work itself. 
 
This Dissertation has been accepted for inclusion in UNLV Retrospective Theses & Dissertations by an authorized 
administrator of Digital Scholarship@UNLV. For more information, please contact digitalscholarship@unlv.edu. 
TADPOLE SHRIMP {Triops longicaudatus) RESPONSES 
TO ACUTE AND DEVELOPMENTAL HYPOXIC EXPOSURE
by
Stacey Lynn Harper
Bachelor of Science 
Mesa State College, Grand Junction 
1993
Masters of Science 
University o f Nevada, Las Vegas 
1998
A dissertation submitted in partial fulfillment 
of the requirements for the degree of
Doctor of Philosophy in Biological Science 
Department of Biological Sciences 
College of Sciences
Graduate College 
University of Nevada Las Vegas 
May 2003
R ep ro d u ced  with p erm issio n  o f  th e  copyrigh t ow n er. Further reproduction  prohibited w ithout p erm ission .
UMI Number: 3091802
Copyright 2003 by 
Harper, Stacey Lynn
All rights reserved.
UMI
UMI Microform 3091802 
Copyright 2003 by ProQuest Information and Learning Company. 
All rights reserved. This microform edition is protected against 
unauthorized copying under Title 17, United States Code.
ProQuest Information and Learning Company 
300 North Zeeb Road 
P.O. Box 1346 
Ann Arbor, Ml 48106-1346
R ep ro d u ced  with p erm issio n  o f  th e  copyrigh t ow n er. Further reproduction  prohibited w ithout p erm issio n .
Dissertation Approval
The Graduate College 
University of Nevada, Las Vegas
May 7 ,20Q3_
The Dissertation prepared by 
_______ S ta cey  Lynn Harper
Entitled
Mechanisms o f  th e  C a rd lo -R esp ira to ry  System  in  Tadpole Shrimp T riops  
lo n g ic a u d a tu s
is approved in partial fulfillment of the requirements for the degree of 
 D o c to ra te  o f  P h ilo so p h y  in  B io lo g ic a l  S c ien ce s
Examination Committee Member
Examination Committee Member
Graduate College Faculty Representative
Examination Coœwîffee <
Dean of the Graduate Gollege
11
R ep ro d u ced  with p erm issio n  o f  th e  copyrigh t ow n er. Further reproduction  prohibited w ithout p erm ission .
ABSTRACT
Tadpole Shrimp {Triops longicaudatus) Responses to Acute and Developmental
Hypoxic Exposure
by
Stacey Lynn Harper
Dr. Carl Reiber, Examination Committee Chair 
Associate Professor, Department of Biological Sciences 
University o f Nevada, Las Vegas
Tadpole shrimp Triops longicaudatus (Crustacea: Branchiopoda; Notostraca) were 
reared under normoxic (19-21 kPa O2 ), moderate (10-13 kPa O2 ) or severe (1-3 kPa O2 ) 
hypoxic conditions to investigate the effects of developmental P 0 2  (partial pressure of 
oxygen) on adult metabolic, respiratory and cardiovascular physiology. Growth rates 
were independent o f developmental P0 2 , although adult body size was significantly 
smaller in tadpole shrimp reared under severe hypoxic conditions relative to those reared 
under normoxic conditions. Most organisms increase respiratory surface area in response 
to hypoxic exposure. Yet growth o f the epipodites (proposed respiratory structure) 
relative to mass (Y=aM*) was significantly reduced in tadpole shrimp reared under severe 
hypoxic {b- \ . 17) conditions relative to those reared under normoxic (6=1.78) or 
moderate hypoxic (6=1.56) conditions. Despite the reduction in respiratory surface area,
iii
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Û2  consumption rates and metabolic response to hypoxic exposure did not differ among 
rearing groups. All groups reduced O2  consumption in response to hypoxic exposure.
The primary function o f the epipodites may not be respiratory gas exchange given that 
development of the epipodites was limited by developmental hypoxic exposure and the 
reduction did not alter O2  consumption rates. Alternatively, hypoxic exposure throughout 
development may promote the allocation of limited resources (O2 ) toward hemoglobin 
synthesis instead of respiratory surface anabolism.
Hypoxia-induced hemoglobin synthesis appears to be a compensatory mechanism that 
tadpole shrimp utilize to regulate O2  uptake and transport in euryoxic environments. 
Although hemoglobin concentrations differed among rearing groups, they were not 
dependent on developmental P 0 2  because hemoglobin synthesis could be induced by 
hypoxic exposure in adults. Adult tadpole shrimp reared under normoxic conditions 
increased hemoglobin concentration within seven days of exposure to severe hypoxic 
conditions. Within ten days, hemoglobin concentration increased to the levels observed 
in tadpole shrimp reared under severe hypoxic conditions. Tadpole shrimp reared under 
severe hypoxic conditions had an enhanced ability to maintain cardiac parameters when 
exposed to 2 kPa O2  due to their higher hemoglobin concentration and 0 2 -binding 
affinity. The results o f this study indicate that increased hemoglobin concentration, 
increased 0 2 -binding affinity, and transient decreases in metabolic demand may account 
for tadpole shrimp hypoxic tolerance.
IV
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CHAPTER 1
INTRODUCTION
Environmental stress experienced during sensitive developmental periods can
influence an organism’s adult phenotype (Farhi, 1986; Hoffmann and Hercus, 2000).
Many organisms can mitigate the effects of potential environmental stress via a suite o f
permanent or reversible responses. These include microhabitat selection, acute
homeostasis, acclimation/acclimatization and developmental plasticity (Schulte, 2001;
Feder, 2002). The timing and duration of stress exposure are important factors that can
determine the impact on adult systems (Schulte, 2001). Most physiological studies o f
environmental stress have focused on acute (short duration) stress responses because of
the time demands and complexities involved in chronic (persistent) studies. However,
physiological responses to chronic exposure often differ significantly from those induced
by acute hypoxic exposure (Bamber and Depledge, 1997).
An organism’s phenotypic characteristics (biochemical, physiological or
morphological) are determined by its genotype with influences from processes such as
acclimation/acclimatization and developmental plasticity (Garland and Carter, 1994;
Tracy and Walsberg, 2001). These processes occur on different time scales and often
accompany environmental change and/or stress. In acclimation and acclimatization,
1
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phenotypes are temporarily altered to enhance survival under new environmental 
conditions. Acclimation typically refers to reversible, compensatory physiological 
responses to change in one variable, generally under laboratory conditions (Hammond et 
al., 2001). Acclimatization refers to the responses to change in multiple variables within 
the organism’s natural environment (Hervant et al., 1995; Hervant et al., 1996; Hammond 
et al., 2001). Acclimation and acclimatization are usually confined to the period o f stress 
exposure. These physiological responses to stress typically return to pre-exposure levels 
once the stress is alleviated (Hammond et al., 2001).
Alternatively, an organism’s phenotype may be permanently altered through 
developmental plasticity (Huey et al., 1999; Willmer et al., 2000; Gozal and Gozal,
2001). Developmentally plastic traits generally involve an ontogenetic ‘window of 
opportunity’ during which the trait is established and then cannot be reversed (Willmer et 
al., 2000). Plasticity allows organisms to adjust their phenotypes to the local 
environment, with the risk that such alterations may become unfavorable if  the 
environment changes (Van Buskirk and Relyea, 1998; Willmer et al., 2000).
Environmental Hypoxia
Environments with atmospheric oxygen partial pressure (P0 2 ) below 20 kPa O2  are 
considered hypoxic. Hypoxic exposure is an important environmental stressor 
experienced by terrestrial animals such as birds flying or living at high altitude (Faraci, 
1991; Hepple et al., 1998; Mathieu-Costello, 1998), bats in torpor (Szewczak and 
Jackson, 1992; Maina, 2000), burrowing rodents (Banchero, 1987), hibernating ground
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squirrels (Webb and Milsom, 1994; Barros et al., 2001), and mammals living at high 
altitude (Hochachka et al., 1999; Powell et al., 2000; Gamboa et al., 2001; Hoppeler and 
Vogt, 2001; Rupert and Hochachka, 2001). Insects that live at high altitude, within 
ground burrows or in hypoxic microhabitats also frequently encounter hypoxic conditions 
(Loudon, 1988; Greenberg and Ar, 1996; Greenlee and Harrison, 1998; Frazier et al., 
2001; Hoback and Stanley, 2001). Aquatic organisms generally encounter hypoxic 
environments more often than terrestrial organisms because water in equilibrium with air 
contains 20-40 times less O2 than air (Graham, 1990). Aquatic turtles (Costanzo et al., 
2001), fish (O’Connor et al., 1988; Laurent and Perry, 1991; Toulmond, 1986; Banchero, 
1987; Chapman et al., 2000), amphibians (Hou and Huang, 1999; Pelster, 1999; Boutilier, 
2001) and crustaceans (McMahon, 1988; LaBerge and Harm, 1990; A stall et al., 1997; 
Hand, 1998; Spicer and Gaston, 1999; Wiggins and Frappell, 2000; McMahon, 2001) 
frequently encounter acute and chronic hypoxic conditions in their natural habitat.
Physiological and Morphological Hypoxic Response Paradigms
Most organisms do not become internally hypoxic until reduced environmental P 0 2  
limits aerobic metabolism (Graham, 1990). Physiological responses to acute and/or 
chronic environmental hypoxic exposure are highly conserved, but sometimes species- 
specific (Menon and Arp, 1992; Julian et al., 1996; Hochachka et al., 1999; Powell et al., 
2000; Rupert and Hochachka, 2001). Our fundamental understanding of physiological 
plasticity and compensatory responses to hypoxic exposure is primarily based on 
paradigms established through human and other vertebrate research (Banchero, 1987;
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Hochachka, 1988; Szewczak and Jackson, 1992; Webb and Milsom, 1994; Hochachka et 
al., 1999; Barros et al., 2001; Hochachka and Lutz, 2001; Hoppeler and Vogt, 2001).
Acute hypoxic exposure elicits a range of metabolic responses with ‘oxygen 
conformation’ and ‘oxygen regulation’ at the extreme ends of a continuum (Mangum and 
Van Winkel, 1973; Hochachka, 1988). Oxygen-conforming organisms decrease 
metabolic O2  demand as P0 2  decreases (Hochachka, 1988). Metabolism may be 
decreased through the direct effects of O2  limitation or by means o f active down- 
regulation (Wiggins and Frappell, 2000). In contrast, oxygen-regulating organisms 
maintain O2  consumption down to a critical O2  level ( P c r it ) ;  a  point at which the O 2  
required to fuel aerobic processes becomes limited (Herreid, 1980; Hochachka, 1988). 
Above P c r i t , O2  consumption may be maintained by compensatory physiological 
responses. These responses often include increased ventilation and/or increased internal 
convection (McMahon, 1988; Hervant et al., 1995; Willmer et al., 2000; Boutilier, 2001; 
Hochachka and Lutz, 2001; Hopkins and Powell, 2001).
Respiratory and cardiovascular systems work together to transport O2  from the 
environment to metabolically active cells. Oxygen is removed from the environment via 
diffusion at respiratory gas exchange surfaces. The rate of O2 diffusion across the 
exchange surface can be expressed mathematically using Pick’s law:
y=D/4(C|-C2)/%
where J  is the flux of oxygen (diffusion rate; mol/m^/s), D  is the diffusion coefficient 
(determined by molecular size, temperature, medium for diffusion, etc.), A is the area of
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exchanging surface, x is the thickness of the diffusion barrier, and C, and C2  are the 
oxygen concentrations on either side of the exchange surface (Piiper et ah, 1971).
Respiratory system morphology can be altered to enhance O2 diffusion in many 
organisms that develop under hypoxic conditions. Alterations include decreased 
diffusion barrier thickness, decreased diffusion coefficient for gas exchange (via 
alterations in the diffusion medium) and/or increased gas exchange surface area (Piiper et 
ah, 1971 ; DeWatcher et ah, 1992). Gill thickness is often decreased when fish are 
exposed to hypoxic conditions during development (Laurent and Perry, 1991). 
Wigglesworth (1990) showed that the diffusion coefficient for gas exchange was 
enhanced in fleas reared under hypoxic conditions via alterations in tracheole water level. 
Many organisms, including crustaceans (Astall et ah, 1997; McMahon, 2001), 
polychaetes (Lamont and Gage, 2000), mealworms (Loudon, 1988; Loudon, 1989) and 
fish (Galls and Barel, 1980; Laurent and Perry, 1991; Chapman et al., 2000; Severi et al., 
2 0 0 0 ), increase respiratory surface area when reared under hypoxic conditions.
Oxygen that diffuses across the gas exchange surface binds reversibly to respiratory 
pigments (such as hemoglobin) in most animals (Randall et ah, 1997). Oxygen saturation 
o f the respiratory pigment is dependent on P0 2  (Dickerson and Geis, 1983). Respiratory 
pigments load O2  at the respiratory surface (region of high P0 2 ) and unload O2  at tissues 
(region of low P 0 2 ). In addition to O2  transport, respiratory pigments of some animals 
can serve as an O2  reservoir. Oxygen is bound to the pigment and released to the tissues 
only when P 0 2  is low enough to limit aerobic metabolism (Dickerson and Geis, 1983; 
Randall et al, 1997). Hemoglobin is one of the better-known respiratory pigments
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(Dickerson and Geis, 1983). High Oa-affinity hemoglobin that saturates at a low P 0 2  
should be beneficial for organisms inhabiting hypoxic environments (Dickerson and 
Geis, 1983; Randall et al, 1997).
Acclimation
It has been hypothesized that “acclimation to a particular environment will give an 
organism a performance advantage in that environment over another organism that has 
not had the opportunity to acclimate to that particular environment” (Leroi et al., 1994).
If  so, then acclimation to hypoxic conditions would improve performance, relative to 
non-acclimated individuals, when organisms were exposed to subsequent hypoxic stress. 
Although the beneficial acclimation hypothesis made intuitive sense to physiologists, it 
has often been rejected by empirical studies (Woods and Harrison, 2002). Woods and 
Harrison (2002) suggest that long-term exposure to sub-optimal environmental 
conditions, such as hypoxic exposure, may degrade organismal performance in all 
subsequently experienced environments. If this were true, then acclimation to hypoxic 
conditions may be detrimental to future survival in O2  variable environments.
Developmental Plasticity
Hypoxic exposure during development may permanently alter morphology and 
subsequent physiological responses to acute hypoxic exposure (Willmer et al., 2000;
Gozal and Gozal, 2001; Peyronnet et al., 2002). Developmental plasticity in response to 
hypoxic conditions can result in organisms with lower metabolic rates (Hochachka et al., 
1999; Boutilier, 2001), more respiratory gas exchange surface area (Loudon, 1988; 
Loudon, 1989), enhanced convection and O2  delivery (Banchero, 1987; McMahon, 1988;
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Szewczak and Jackson, 1992; Pelster, 1999; McMahon, 2001), and/or increased 
respiratory pigment 0 2 -binding affinity (Snyder, 1987; Hervant et al., 1995; Astall et al., 
1997; Hou and Huang, 1999; Barros et al., 2001). In many organisms, a change in the 
0 2 -binding affinity of respiratory proteins can enhance the O2  diffusion gradient and 
ensure sufficient O2  uptake without permanent alteration of morphology or physiological 
processes (Wells and Wells, 1984; Kobayashi et al., 1988; Hochachka et al., 1999; 
Willmer et al., 2000).
Evaluating the Effects o f Developmental Stress on Adult Physiology 
Model animals, such as the fruit fly Drosophila ssp., the nematode Caenorhabditis 
elegans and zebrafish Danio rerio are often used in research because a large amount of 
data, including genome elucidation, are available for such organisms (Burggren, 1999). 
However, model species may limit our view of the impacts of environmental stress on 
physiological systems because they may not exhibit the complex diversity o f options for 
stress response (Burggren, 1999; Hopkins and Powell, 2001). Comparative studies of 
organisms that live in variable environments can yield increased knowledge of 
developmental plasticity and compensatory responses to stress exposure (Hammond et 
al., 2 0 0 1 ).
Branchiopod Crustaceans 
The Branchiopoda consist o f four living groups; the Anostraca ("fairy shrimp" or "sea 
monkeys"), Notostraca ("tadpole shrimp"), Cladocera ("water fleas"), and Conchostraca 
("clam shrimp”) (Fryer, 1988). Branchiopods that inhabit ephemeral pools depend on
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intermittent wetting and drying to transition through obligate dormancy periods in their 
life cycle (Belk and Cole, 1975; Fry and Mulla, 1992; Fryer, 1985; Sassaman et al.,
1997). Adults produce cysts (metabolically static embryos) that may survive temperature 
extremes, anoxia and desiccation for decades (Belk and Cole, 1975; Clegg, 2001). The 
wind can disperse these cysts to distant geographic locations where they may rehydrate 
and hatch in normoxic, hypoxic or hyperoxic water depending on the particular pool 
dynamics (Home and Beyenbach, 1971; Hillyard and Vinegar, 1972; Wiggens et al.,
1980; Scholnick, 1995; Sassaman et al., 1997; Thiery, 1997). Once rehydrated, 
ephemeral pool branchiopods develop rapidly while often experiencing extreme 
fluctuations in temperature and P0 2  on a diel as well as seasonal basis (Scholnick and 
Snyder, 1996).
Branchiopod Hypoxic Response 
Most branchiopods are highly tolerant of near anoxic conditions. Water fleas 
(Daphnia magna) are able to survive one day of anoxic exposure (Engle, 1985). Tadpole 
shrimp {Triops longicaudatus) and fairy shrimp {Thamnocephalus platyurus) have been 
observed in ephemeral pools that remain nearly anoxic (<1.3 kPa O2 ) for months 
(Scholnick, 1995). Tadpole shrimp, in particular, tolerate diel fluctuations in P 0 2  o f 26.7 
kPa O2  (Hillyard and Vinegar, 1972; Scholnick, 1995). Metabolic rates in T. 
longicaudatus have maximum Qio values of 1.55 between 26 and 30°C, which means 
they are also highly insensitive to the temperature fluctuations they experience (Hillyard 
and Vinegar, 1972).
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Many branchiopod crustaceans, including Triops, brine shrimp {Artemia salina) and 
the cladocerans (Moina brachiata) and D. magna, have normoxic rates o f O2  
consumption that were greater than other crustaceans (Home and Beyenbach, 1971; Paul 
et al., 1998). The water flea’s mass-specific metabolic rate is about ten times higher than 
in decapod cmstaceans (Paul et al., 1998). Small branchiopods, such as D. magna and A. 
salina, were O2  regulators and able to meet metabolic O2  demand when P0 2  is reduced to 
1.33 and 2 kPa O2 , respectively (Paul et al., 1998; Baumer et al., 2000). Compensatory 
cardiovascular responses enhance O2  uptake under hypoxic conditions in D. magna (Paul 
et al., 1998; Baumer et al., 2000). Perfusion is increased to tissues during hypoxic 
exposure as a result of increased heart rate (compensatory tachycardia) and maintenance 
o f stroke volume (Paul et al., 1998; Baumer et al., 2000).
Most branchiopods (‘gill feef ) have respiratory appendages (bulbous epipodites) that 
are also used for feeding and locomotion. In euryoxic (O2  variable) environments, it 
might be disadvantageous for the rate o f appendage movement (ventilation rate) to be 
dependent on environmental P0 2  because o f the potential for adverse effects on other 
functions (Eriksen and Brown, 1980). Therefore, branchiopods do not exhibit the typical 
ventilatory response to hypoxic exposure. Tadpole shrimp, fairy shrimp, clam shrimp 
and water flea ventilation rates do not increase in response to hypoxic exposure (Heisey 
and Porter, 1977; Eriksen and Brown, 1980a; Eriksen and Brown, 1980b; Eriksen and 
Brown, 1980c).
Hemoglobin concentration and 0 2 -binding affinity are directly associated with 
metabolic acclimation to hypoxic conditions in many branchiopods (Gilchrist, 1954;
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Hoshi and Yajima, 1970; Torracca et al., 1976; Kobayashi et al., 1988; McMahon, 1988; 
Goldmann et al., 1999; Wiggins and Frappell, 2000). Post-hypoxic exposure hemoglobin 
concentration increased threefold by day 21 in A. salina (Gilchrist, 1954) and tenfold by 
day 10 in Z). magna (Goldmann et al., 1999). The hemoglobin concentration required for 
acclimation to a wide range o f Po2 ’s can be minimized by the production o f hemoglobin’s 
with different 0 2 -binding affinities (Kobayashi et al., 1994). The means by which 
hemoglobin 0 2 -binding affinity is altered appears to be species-specific among 
branchiopods. Artemia salina produces three molecularly distinct types o f hemoglobin 
(Bowen et al., 1969; Waring et al., 1970). The proportion of each type varies with age, 
sex and environmental P 0 2  (Bowen et al., 1969; Waring et al., 1970; Help et al., 1978). 
Daphnia magna change hemoglobin 0 2 -binding properties by altering specific 
hemoglobin subunit assembly (Sugano and Hoshi, 1971; Kobayashi et al., 1988). Each 
subunit differs in 0 2 -binding affinity and subunit cooperativity; therefore, changes in 
subunit composition directly affect the 0 2 -binding affinity of the functional hemoglobin 
molecule (Kobayashi et al., 1988).
Triops longicuadatus
Branchiopod crustaceans are a unique group for investigating fundamental 
mechanisms used to maintain O2  delivery during hypoxic exposure. Triops 
longicaudatus were chosen to assess metabolic, respiratory and cardiovascular hypoxic 
responses and the degree to which developmental P0 2  influences adult physiology.
Several features of tadpole shrimp make them particularly well suited to study the effects 
o f acute and developmental hypoxic exposure. Tadpole shrimp have a high metabolic O2
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demand and respiratory structures that are thought to be inadequate to maintain O2  uptake 
in their euryoxic habitats (Fryer, 1988; Home and Beyenbach, 1971; Hillyard and 
Vinegar, 1972; Scott and Grigarick, 1978; Eriksen and Brown, 1980a; Scholnick, 1995; 
Scholnick and Snyder, 1996). Tadpole shrimp have a comparatively rapid generation 
time and amenability to laboratory culture, which also make them good organisms for 
developmental investigations (Fryer, 1988; Home and Beyenbach, 1971; Scott and 
Grigarick, 1978).
The size and number of bulbous epipodites (thoracic appendages) determine the 
respiratory surface area for gas exchange in tadpole shrimp. Increased respiratory surface 
area should improve the diffusion of O2  from hypoxic environments. Variability in 
developmental P0 2  may be the basis for the morphological variation observed in 
appendage number o f tadpole shrimp from natural populations (Home and Beyenbach, 
1971; Fryer, 1988; Sassaman et al., 1997). The most primitive form o f cmstacean heart, 
a dorsal tubular myogenic heart devoid o f vasculature, provides the only intemal 
convection in tadpole shrimp (Yamagishi et al., 1997; Wilkens, 1999; Yamagishi et al.,
2000). The heart extends from the first to the twelfth thoracic segment and is held within 
the pericardial cavity by suspensory ligaments (Yamagishi et al., 1997). It fills through 
1 1 -paired ostia and empties out the anterior end by peristaltic contractile waves 
(Yamagishi et al., 1997). The heart consists of a single layer o f myocardiac cells that 
intrinsically regulate heart rate (m yogenic regulation) (Yamagishi et a l ,  1997). Tadpole 
shrimp produce large extracellular hemoglobin (29 subunits) in response to 
environmental hypoxia (Home and Beyenbach, 1971; Scholnick and Snyder, 1996).
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Hemoglobin is physiologically important because it allows tadpole shrimp to remain in 
hypoxic, benthic feeding zones longer (Scholnick and Snyder, 1996).
Triops Natural Habitat: Brownstone Basin 
Tadpole shrimp inhabit an ephemeral rock pool at Brownstone Basin (12.7 km west o f 
Las Vegas, 1425 m elevation, 36.2500°N, -115.3750°W). The pool is approximately 46 
X  20 (L X W) meters. Water P0 2  and temperature were vertically stratified in the rock 
pool when tadpole shrimp were present (Appendix I). Epilimnetic (surface) water ranged 
from 18.3°C to 31.7°C and hypolimnetic (subsurface) water ranged from 17.6°C to 
24.8°C. Oxygen partial pressure of epilimnetic water ranged from 2 to 32 kPa O2  and 
hypolimnetic water from 4 to 18 kPa O2 . Tadpole shrimp frequently migrate from pool 
sediments to surface water (surfacing behavior) where they expose their respiratory 
appendages to the air-water boundary layer. Animals cycling from sediments to surface 
water must pass from nearly anoxic conditions (4 kPa O2 ) to hyperoxic conditions (32 
kPa O2 ) in a relatively short period of time and distance. Therefore, tadpole shrimp must 
tolerate extreme acute changes, diel fluctuations and seasonal variation in P0 2 . Tadpole 
shrimp from the pool in Brownstone Basin were identified as T. longicaudatus according 
to Sassaman (1991) (Appendix II).
Research Goals and Hypotheses 
The goals o f this study were to identify fundamental metabolic, respiratory and 
cardiovascular responses to acute hypoxic exposure and determine the degree to which
R ep ro d u ced  with p erm issio n  o f  th e  copyrigh t ow n er. Further reproduction  prohibited w ithout p erm ission .
13
developmental P0 2  could affect tadpole shrimp adult physiology. The following specific 
hypotheses were tested to address the general research question: How do acute and 
developmental hypoxic exposure affect adult metabolic, respiratory and cardiovascular 
physiology?
Hypotheses
Hi : Compensatory cardiovascular mechanisms that enhance O2 convection and perfusion 
(including heart rate, stroke volume, cardiac output) will increase in response to acute 
hypoxic exposure.
H2 : Compensatory respiratory mechanisms that enhance O2 uptake from the environment 
(including ventilation rate and amplitude) will increase in response to acute hypoxic 
exposure.
H 3 : Metabolic O2  demand will decrease in response to acute hypoxic exposure.
H4 : Metabolic O2  demands will be dependent on developmental P0 2 .
H 5 : Cardiovascular and respiratory mechanisms that enhance O2  uptake from the 
environment (including heart rate, stroke volume, cardiac output, ventilation rate or 
ventilation amplitude) will be increased in animals that develop in 0 2 -limited 
environments.
Hé! Cardiovascular contribution to respiratory O2  consumption will increase in animals 
that develop in 0 2 -limited environments.
H?: Mechanisms that enhance hemolymph O2  transport (including hemoglobin 
concentration and hemoglobin 0 2 -binding affinity) will increase in animals that develop 
in 0 2 -limited environments.
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DEVELOPMENTAL HYPOXIC EXPOSURE AFFECTS THE ALLOMETRY OF 
RESPIRATORY GAS EXCHANGE SURFACE AREA IN TADPOLE SHRIMP
Summary
The effects o f developmental P0 2  on the allometry o f respiratory surface area were 
investigated using tadpole shrimp Triops longicaudatus. Tadpole shrimp were reared 
under normoxic (19-21 kPa O2 ), moderate hypoxic (10-13 kPa O2 ) or severe hypoxic (1-3 
kPa O2 ) conditions. Respiratory surface area (total epipodite surface area) was 
determined for animals over a wide range of masses (3.3-53.6mg dry mass) during 
development. Developmental P0 2  was sufficient to induce permanent changes in 
epipodite surface area in tadpole shrimp. Most organisms increase respiratory surface 
area in response to hypoxic exposure, yet growth of the epipodites with mass (Y=aM*) 
was significantly reduced in tadpole shrimp reared under severe hypoxic (6=1.17) 
conditions relative to those reared under normoxic (6=1.56) or moderate hypoxic 
(6=1.77) conditions. Despite the reduction in epipodite surface area, tadpole shrimp 
reared under severe hypoxic conditions had rates of O2  consumption equivalent to those 
reared under normoxic conditions. Therefore, the primary fimction o f the epipodites may 
not be respiratory gas exchange.
14
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Introduction
Mass-scaling exponents of respiratory surface area are generally conserved within 
ontogeny and adults of a particular species, as well as among adults of different species 
(6=0.71-0.98). Proposed explanations for this consistency are generally based on the 
principle o f similitude, or the similarity of responses to variations in body size 
(Thompson, 1961). Respiratory surface area needs to increase at a rate proportional to 
mass to ensure that the respiratory system’s capacity to take up O2  meets the organism’s 
metabolic demand (Schmidt-Neilsen, 1993). Therefore, the mass-scaling exponents of 
respiratory surface area often reflect an organism’s activity level or developmental 
oxygen availability. Animals with low metabolic demand generally have smaller relative 
respiratory surface area than those with higher metabolic demand (Peters, 1993; Schmidt- 
Neilsen, 1993). For example, respiratory surface areas of active fish, such as bluefin 
tuna, scale to body mass with 6=0.96 (Muir and Hughes, 1969), whereas sluggish 
toadfish have respiratory surface areas that scale to body mass with 6=0.79 (Hughes and 
Gftay, 1972).
Mass-scaling exponents of respiratory surface area are often inversely related to 
developmental partial pressure of oxygen (P0 2 ) because exposure to hypoxic conditions 
during development can result in increased respiratory surface area and decreased adult 
body size (Galis and Barel, 1980; Loudon, 1988; Loudon, 1989; Laurent and Perry, 1991; 
Astall et al., 1997; Hammond et al., 1999; Chapman et al., 2000; Lamont and Gage,
2000; Severi et al., 2000; Hammond et al., 2001; McMahon, 2001). However, not all 
species respond to hypoxic exposure with an increase in respiratory surface area.
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Chapman and Hulen (2001) compared two populations of electrogenic fish 
(Gnathonemus victoriae). One population inhabits anoxic/hypoxic swamps and one 
inhabits normoxic open waters. Electrogenic fish from the swamps had reduced gill area 
relative to those from the open water (Chapman and Hulen, 2001). In addition, mass- 
scaling exponents o f respiratory surface area were smaller in fish reared under hypoxic 
conditions (6=0.653) relative to normoxic conditions (6=0.717) (Chapman and Hulen,
2001). It was suggested that the observed reduction in respiratory surface area in swamp 
fish was influenced more by their lower metabolic demands than developmental P 0 2  
(Chapman and Hulen, 2001).
Most developmental studies on respiratory surface area allometry have not 
investigated the effects of environment on those relationships (Rombough and Moroz, 
1990; Jakubowski, 1996; Oikawa, 1999; Rombough and Moroz, 1997). Likewise, studies 
that have investigated environmental effects have not assessed those relationships 
throughout the developmental period (Hammond et al., 1999; Chapman and Hulen, 2001; 
Hammond et al., 2001). Limited data exist on how respiratory surface area allometry 
may be affected throughout development by environmental P0 2 . One study has 
investigated the effects of developmental P 0 2  on the allometry of tracheal cross-sectional 
area in developing mealworms (Loudon, 1989). Loudon’s (1989) work established that 
developmental P 0 2  could affect respiratory surface area throughout development in a 
terrestrial invertebrate. She found that tracheal cross-sectional area scaled to mass with 
6=1.3 in larvae reared under hypoxic conditions and 6=1.0 in larvae reared under 
normoxic conditions (Loudon, 1989). Studies on respiratory surface area in other groups
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of animals (vertebrates and aquatic invertebrates) remain limited to one or two aspects of 
development, scaling or environmental influences. Moreover, studies investigating the 
O2  dependence of respiratory surface area allometry for species and populations that 
routinely inhabit euryoxic (O2  variable) or chronically hypoxic habitats are inadequate.
The goal o f this study was to test the effects of developmental P 0 2  on respiratory 
surface area development in an aquatic invertebrate. Triops longicaudatus. Triops are 
branchiopod crustaceans whose natural habitat, desert ephemeral pools, is notoriously 
euryoxic and susceptible to long-term hypoxia. Tadpole shrimp were ideal for this study 
because they have high metabolic rates, rapid development and amenability to laboratory 
culture (Fryer, 1988; Horne and Beyenbach, 1971; Scott and Grigarick, 1978). Tadpole 
shrimp epipodites were thought to function in respiratory gas exchange because they are 
typically only one cell layer thick and lack the thickened cuticle that covers the rest o f the 
thoracic appendages (Fryer, 1988). If  the primary function o f the epipodites is 
respiratory gas exchange, then one might expect epipodite surface area to scale 
differently than the rest of the appendage dependent on developmental P 0 2 . I f  respiratory 
system morphology is plastic and influenced by environmental P 0 2 , then animals reared 
under severe hypoxic conditions would be expected to have increased epipodite surface 
area relative to those reared under normoxic conditions. Scholnick (1995) suggested that 
the epipodites might limit oxygen consumption (V0 2 ) in tadpole shrimp. If  so, then one 
would expect to observe a difference in the V 0 2  among animals with different relative 
respiratory surface area.
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Material and Methods
Study Organism and Rearing Conditions
Sediments containing tadpole shrimp cysts were collected from an ephemeral pool in 
Brownstone Basin (12.7 km west o f Las Vegas, Nevada, 1425 m elevation, 36.2500°N, - 
115.3750°W). Water P 0 2  and temperature in Brownstone Basin pool ranged from 2 to 32 
kPa O2  and 17.6°C to 31.7°C, respectively (Appendix I). Three 150-liter insulated 
aquaria (normoxic =19-21 kPa O2 , moderate hypoxic =10-13 kPa O2  and severe hypoxic 
=1-3 kPa O2 ) were set up in the laboratory using deionized water and sediments taken 
from the pool. A gas-flowmeter (Model GF-3/MP, Cameron Instruments Company, 
Ontario) was used to regulate a mixture o f N 2  and room air. Oxygen partial pressure in 
each aquarium was monitored for a 48-hour period each week using data logging 
dissolved O2  meters (Model 810 Orion Dissolved Oxygen Meter, Orion Research,
Boston, MA).
Each aquaria was equipped with ultraviolet (3% UVB and 7% UVA) enhanced lights 
(Energy Savers Unlimited Inc., Super UV Reptile Daylight Lamp, 20 Watt) that 
established a 13L;1 ID cycle. A timed circulating water bath (Model VT513,
Radiometer, Copenhagen) and heat exchange coil were used to cycle temperature with 
the lights. The aquaria started to warm two hours after the lights were turned on and 
continued for five hours each day to establish a 23° to 28°C temperature cycle. Dry 
sediments (100 g) containing tadpole shrimp cysts were added to each aquarium weekly. 
Animals ate algae, detritus and small invertebrates that hatched from the sediment.
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Tadpole shrimp that hatched were identified as T. longicaudatus according to Sassaman 
(1991) (Appendix II). Aquaria were drained and refilled monthly.
Respiratory Surface Area 
Epipodite surface areas were compared among tadpole shrimp rearing groups to 
determine the influence of developmental P0 2  on respiratory surface area. All o f the 
respiratory appendages were dissected from animals in each rearing group (n = 14 per 
rearing group). Appendages were photographed under a dissecting microscope (Leica 
Stereozoom 6 Photo). Images o f the epipodites were analyzed for surface area using 
Scion Imaging (National Institutes o f Health software, Bethesda, Maryland). The area 
for each appendage was multiplied (x 2) to account for both surfaces o f the epipodite. 
Individual animal epipodite surface areas were summed to obtain total respiratory surface 
area. Respiratory surface areas were compared among rearing groups using Kruskal- 
Wallis one-way ANOVA on ranks because data was not distributed normally. Multiple 
pairwise comparisons were made using a Tukey test (SigmaStat 2.03, SPSS Inc.,
Chicago, IE).
The allometric relationships o f respiratory surface area were determined for each 
rearing group using log-transformed data. Least squares regression analysis was 
performed and the eoefficient of variation (r) estimated to determine the goodness o f fit. 
Developmental P0 2  effects on respiratory surface area (epipodite surface area mass’') in 
relation to animal mass were determined using ANCOVA (StatView, 5.0.1, StatView 
Software, Cary, NC). Where treatment effects were significant at the level o f
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P < 0.05, multiple comparisons of the allometric relationships were made using a Scheffe 
test (StatView, 5.0.1, StatView Software, Cary, NC).
Podite Length
Podite length was determined for tadpole shrimp from each rearing group to determine 
the influence of developmental P0 2  on overall appendage structure. Appendages 3-7 
were dissected from animals in each rearing group (n = 14 per rearing group) and 
photographed under a dissecting microscope (Leica Stereozoom 6 Photo). Images o f the 
podites were analyzed using Scion Imaging (National Institutes o f Health software, 
Bethesda, Maryland). Podite length was calculated as length o f podites from precoxa 
(animal attachment) to end o f basis (terminus of endites). The sum of podite lengths 
from appendages 3-7 was used to determine podite length. The allometric relationship of 
podite length was determined for each rearing group using least squares regression 
analysis performed on log-transformed data. The coefficient o f variation (r) was 
estimated to determine the goodness of fit. Differences among the rearing groups in 
regression line slopes were determined using ANCOVA (StatView, 5.0.1, StatView 
Software, Cary, NC).
Oxygen Consumption 
Oxygen consumption rates were measured in active animals because they were 
infrequently quiescent. To assess the confounding effect of P0 2  on activity, individual 
anim als (n =  10) w ere p laced  in a marked cylindrical 10-m l flow -through cham ber and 
videotaped during exposure to progressive hypoxia. Animals were acclimated for 30 
minutes to the chamber under normoxic conditions. A gas-flowmeter (Model GF-3/MP,
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Cameron Instruments Company, Ontario) was used to decrease chamber P 0 2  from 20 to 2 
kPa O2  at a rate of 5 kPa O2 hour’’. The number o f times the animal crossed defined 
marks on the chamber was averaged over a one-minute interval to produce an index of 
activity in response to P0 2 . The strength o f the relationship between activity level and 
P 0 2  was measured using Pearson Product Moment Correlation.
Adult tadpole shrimp (50-60mg dry weight) from each rearing group (n = 7 per 
rearing group) were individually sealed in a 125-ml closed system darkened respirometry 
chamber at 28°C. The chamber had a plastic grate on the bottom under which a magnetic 
stir rod was placed to ensure thorough mixing of the chamber. Oxygen content o f the 
chamber was monitored using a model 781 Strathkelvin O2  meter (Strathkelvin 
Instruments, Glasgow). Oxygen consumption was calculated based on the following 
equation:
V0 2  = (Vr X APwo! X  Pwoz)/ At X DM 
where, V 0 2  is oxygen consumption, Vr is the volume of water in the respirometer, APwo2  
is the change in oxygen concentration of the water, Pwoj is the capacitance of oxygen in 
water. At is duration in minutes, and DM is the dry mass o f the animal measured in grams 
(Piiper et al., 1971). Oxygen consumption rates were calculated for a five-minute 
interval when water P0 2  was normoxic (20 kPa O2 ) and hypoxic (2 kPa O2 ). Rates were 
expressed as mass-specific O2  uptake (pi O2  g"' hr''). Microbial respiration was 
corrected for by subtracting the V 0 2  calculated when animals were absent from the 
chamber. Oxygen consumption rates were compared among rearing groups exposed to 
normoxic conditions and in response to hypoxic exposure using one-way ANOVA
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(SigmaStat 2.03; SPSS Inc., Chicago, IL). A Bonferroni t-test was used for multiple 
pairwise comparisons when treatment effects were significant at the level o f P  < 0.05 
(SigmaStat 2.03; SPSS Inc., Chicago, IL).
Results 
Respiratory Surface Area 
Respiratory surface area was dependent on developmental P0 2  (H = 9 J3 0 ; d f=  2; P = 
0.008). Respiratory surface area was significantly greater in animals reared under 
normoxic conditions {q = 6.518; P  < 0.05) and moderate hypoxic {g = 7.063; P  < 0.05) 
conditions compared to those reared under severe hypoxic conditions. Analysis o f 
covariance revealed a significant difference in respiratory surface area relative to mass 
that was also dependent on developmental P 0 2  (Figure lA) (P =  7.418; df=  2; P  < 0.001). 
Respiratory surface area scaled relative to body mass in tadpole shrimp reared under 
normoxic conditions with 6=1.77 and moderate hypoxic with 6=1.56. Animals reared 
under severe hypoxic had significantly reduced slopes (6=1.17) compared to those reared 
under normoxic (P = 0.003) and moderate hypoxic (P = 0.006) conditions. A summary 
of linear regression analyses for log-transformed respiratory surface area was given in 
Table 1.
Podite Length
Podite length was not dependent on rearing P0 2  (P  = 1.307; d f -  2; P  = 0.439) (Table 
1). Podite length scaled relative to body mass in tadpole shrimp reared under normoxic
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conditions with 6=1.19, moderate hypoxic with 6=1.25, and severe hypoxic with 6=1.16 
(Figure IB).
Oxygen Consumption 
Animal activity was independent o f P 0 2  down to 2 kPa O2  (r^ = 0.239; F  = 0.324) and 
therefore did not confound the results of V 0 2  experiments. Oxygen consumption rates 
were significantly (F =  216.471; d f -  2; P  < 0.001) reduced in response to acute hypoxic 
exposure in tadpole shrimp reared under normoxic (r = 12.746; P  < 0.001), moderate 
hypoxic (t = 11.323; P  < 0.001) and severe hypoxic {t = 10.974; P  < 0.001) conditions 
(Figure 2). However, there was no difference observed among the groups in V 0 2  or 
metabolic response to hypoxic exposure (P =  3.796; df=  3; P  = 0.084). All groups had 
P c R iT  values o f 2-3 kPa O2 .
Discussion 
Respiratory Surface Area 
Many organisms, ranging from mammals to polycheate worms, respond to hypoxic 
exposure during sensitive developmental periods by increasing respiratory surface area 
(Lamont and Gage, 2000; Hammond et al., 2001). Based on that literature, it was 
hypothesized that tadpole shrimp reared under hypoxic conditions would have increased 
respiratory surface area relative to those reared under normoxic conditions. However, 
tadpole shrimp did not support the general hypoxic paradigm. Instead they had a hypoxic 
response similar to the electrogenic fish in Chapman and Hulen’s study (2001). Adult
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tadpole shrimp reared tmder severe hypoxic conditions had less than half the respiratory 
surface area o f those reared under normoxic conditions (Figure 1 A).
Several possible explanations for the observed reduction in respiratory surface area are 
proposed here. First, reduced O2  availability during development may increase the 
allocation o f limited resources (O2 ) to other hypoxic responses, such as hemoglobin 
synthesis. Tadpole shrimp reared under severe hypoxic conditions had twice the 
hemoglobin concentration of those reared under normoxic conditions (Chapter 4). More 
hemoglobin resulted in higher 02-carrying capacity in those animals (Chapter 4). When 
O2  is limited in the environment, tadpole shrimp may allocate resources toward 
hemoglobin synthesis instead of increasing respiratory surface area for gas exchange.
Second, respiratory surface area differences may result from damage to the animal 
during hypoxic exposure. Woods and Harrison (2002) suggested that long-term exposure 
to sub-optimal environmental conditions might degrade organismal performance in all 
subsequently experienced environments. Long-term exposure throughout sensitive 
developmental periods may exacerbate the deleterious effects o f hypoxic exposure. If  so, 
then tadpole shrimp reared under severe hypoxic conditions would have reduced 
performance relative to those reared under normoxic conditions. However, tadpole 
shrimp reared under severe hypoxic conditions appear to have an enhanced ability to 
maintain cardiac output and perfusion to respiratory surfaces. They maintain cardiac 
output when exposed to 2 kPa O2 ; whereas, tadpole shrimp reared under normoxic 
conditions only maintain cardiac output down to 5 kPa O2  (Chapter 4). The enhanced
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ability to maintain cardiac parameters when exposed to hypoxic conditions means that 
tadpole shrimp were not damaged from hypoxic exposure during development.
Third, differences in respiratory surface area could be an artifact o f epipodite analysis. 
Changes in epipodite ultrastructure, such as microscopic convolutions or invaginations, 
may have occurred as a result of developmental hypoxic exposure but would not have 
been revealed by macroscopic evaluation. Further, epipodites dissected from the animal 
for analysis would not reveal temporary engorgement of the epipodites in the intact 
animal. Many fish respond to acute hypoxic exposure by increasing blood flow and 
causing gill hyperemia (Laurent and Perry, 1991). Temporary engorgement o f the 
epipodites could enhance O2 diffusion into tadpole shrimp by increasing respiratory 
surface area and blood residence time in the area surrounding the gas exchange surfaces.
Fourth, it may be possible that the reduction in respiratory surface area observed in 
tadpole shrimp reared under severe hypoxic conditions functions to reduce O2  loss from 
the animal when feeding in severe hypoxic benthic zones. Tadpole shrimp frequently 
migrate from nearly anoxic (2 kPa O2 ) pool sediments to hyperoxic (32 kPa O2 ) surface 
waters (surfacing behavior) where they expose their respiratory appendages to the air- 
water boundary layer (Scholnick and Snyder, 1996; Appendix I). When animals move 
into severe hypoxic or anoxic water, O2  may have a tendency to move from the animal 
into the water. A reduction in epipodite size could potentially reduce the loss o f O2  when 
animals hunt and feed in anoxic water. However, the P 5 0  of hemoglobin produced by 
animals reared under severe hypoxic conditions was 0.5 kPa O2  (Chapter 4). Pool water
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would have to be extremely close to anoxic conditions before O2  would be released from 
their hemoglobin and diffuse into the water.
Finally, it is possible that epipodites may not be the major respiratory surface or may 
be supplemented by other gas exchange surfaces that were not investigated in this study. 
Although the epipodites o f branchiopods have been implicated in respiratory gas 
exchange by numerous authors, these assumptions have not been tested empirically 
(Fryer, 1988; Home and Beyenbach, 1971; Scott and Grigarick, 1978; Eriksen and 
Brown, 1980a; Eriksen and Brown, 1980b; Eriksen and Brown, 1980c; Scholnick, 1995). 
It was hypothesized that epipodite surface area relative to podite length would differ 
among rearing groups if  the epipodites were the primary respiratory surface in tadpole 
shrimp. Epipodite surface area and growth of epipodites was dependent on 
developmental P0 2  but podite length was not (Figures 1A and IB). A respiratory 
function for the epipodites would have been supported if epipodite surface area had 
increased relative to podite length in response to developmental hypoxic exposure. A 
respiratory function would have been refuted if podite length were also reduced by 
developmental hypoxic exposure. Data presented in the current study does not directly 
implicate or refute the use o f epipodites in respiratory gas exehange.
Allometry o f Respiratory Surface Area 
As most animals grow in size, respiratory surface area decreases in proportion to body 
mass (Schmidt-Neilsen, 1993). Scaling exponents of respiratory surface area to mass are 
typically equal to, or less than 6=1.0. The current study reports scaling exponents 
between 6=1.17 and 6=1.77. The high scaling exponents of tadpole shrimp relative to
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other groups of animals may correspond to fundamental differences in cardiovascular 
physiology. Tadpole shrimp have a primitive, tubal heart devoid of vasculature 
(Yamagishi et al., 1997; Wilkens, 1999; Yamagishi et al., 2000). Open cardiovascular 
systems, like that of tadpole shrimp, generally have lower pressure and flow than closed 
systems. The relatively high scaling exponents observed in tadpole shrimp may imply 
convective O2  delivery limitations.
Respiratory surface areas scaled to mass dependent on developmental P 0 2  (Figure 
1 A). Animals reared under severe hypoxic conditions possess disproportionately smaller 
epipodites for their mass when compared with those reared under normoxic conditions.
As animal mass increased, differences observed among the rearing groups also increased. 
This is physiologically significant because smaller, younger tadpole shrimp cannot 
regulate O2  uptake as well as larger, more mature animals (Flillyard and Vinegar, 1972).
Consequences o f Reduced Respiratory Surface Area 
Only the epipodite portion of tadpole shrimp appendages was redueed in response to 
developmental hypoxic exposure. The consequences of this reduction for feeding and 
locomotion are not known. Feeding currents that draw water and food past the mouth are 
generated by constant beating o f the appendages (Fryer, 1988). Smaller appendages may 
generate different feeding currents than larger appendages. Likewise, locomotion may be 
affected by alterations in the area o f contact between the animal and water. Epipodite 
surface area may also affect the amount o f water that passes between each appendage.
This can affect locomotion and feeding, as well as the diffusion of gases across those 
surfaees.
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The functional significance of changing respiratory surface area allometry is the 
impact o f those changes on V0 2 , in terms of O2  supply and demand. Scholnick (1995) 
suggested that V0 2  in tadpole shrimp might be limited at the level o f diffusion across the 
respiratory surface. Oxygen consumption rates did not appear to be limited by gas 
exchange surface area since tadpole shrimp with half the respiratory surface area still had 
equivalent V 0 2  (Figure 2). When trout gill surface area was reduced by 30%, only 
maximal rates o f V 0 2  (Vo2 max) were limited (Wells and Wells, 1984). Maximal V 0 2  was 
not assessed in this study. A respiratory function of the epipodites could be established if 
Vo2 max was reduced in tadpole shrimp with the smaller epipodites. Increased hemoglobin 
concentration, 0 2 -binding affinity, and maintenance of cardiac output observed in 
animals reared under severe hypoxic conditions may be sufficient to overcome reduction 
in respiratory surface area.
Conclusions
Allometric relationships of respiratory surface area were altered in tadpole shrimp due 
to differences in developmental P 0 2 . Tadpole shrimp reared under severe hypoxic 
conditions had reduced mass-scaling exponents of respiratory surface area when 
compared to those reared under normoxic conditions. When O2  is limited in the 
environment, tadpole shrimp were thought to allocate resources toward hemoglobin 
synthesis instead of increasing the respiratory surface area available for gas exchange. 
Even though respiratory surface area allometry was reduced relative to other rearing 
groups, the allometric relationships in tadpole shrimp exceed those reported for other 
organisms (Figure 3). Most other adult organisms have scaling exponents equal to, or
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less than 6=1.0. As animals grow in size, respiratory surface area typically decreases in 
proportion to body mass. However, in tadpole shrimp, respiratory surface area increases 
in proportion to body mass. Tadpole shrimp respiratory surface area scaling exponents 
were 6=1.77 in animals reared under normoxic conditions. The scaling o f respiratory 
surface area to mass was not altered as would have been predicted to enhance O2  uptake. 
Instead, tadpole shrimp reared under severe hypoxic conditions showed a significant 
reduction in respiratory surface area allometry (6=1.17). This reduction did not 
apparently limit tadpole shrimp V0 2  rates under normoxic conditions or with exposure to 
hypoxic conditions. Although respiratory surface area is an important consideration in 
limiting V 0 2 , more detailed consideration o f ventilation and perfusion of the respiratory 
surface should be considered. It is unknown how those parameters may change 
throughout development in tadpole shrimp dependent on developmental P 0 2 .
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Table 1 Summary of linear regression analyses {a -  intercept, b = slope) for log- 
transformed respiratory surface area and podite length. Respiratory surface area was 
calculated as the sum of all epipodites (x2 for each surface) from each animal. Podite 
length was calculated as the sum of podites 3-7. Tadpole shrimp rearing groups included: 
normoxic (19-21 kPa O2 ), moderate hypoxic (10-13 kPa O2 ) and severe hypoxic (1-3 kPa 
O2 ). Scheffe P  value given when regression line slopes were significantly different from 
normoxic (*) or moderate hypoxic (**) rearing groups.
Rearing
Groups a b r? P
Scheffe 
P value
Respiratory Surface Area
Normoxic 0.358 1.769 0.97 <0.001
Moderate
Hypoxic
0.631 1.561 0.99 <0.001
Severe
Hypoxic
0.901 1.177 0.99 <0.001 * 0.003 
** 0.006
Podite Length
Normoxic 3.169 1.186 0.99 <0.001
Moderate
Hypoxic
3.276 1.246 0.98 <0.001
Severe
Hypoxic
3.128 1.158 &96 <0.001
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Figure 1. Bilogarithmic plots of A) respiratory surface area (epipodite surface area) and 
B) podite length relative to dry mass of tadpole shrimp reared under normoxic (19-21 kPa 
O2 , white circle), moderate hypoxic (10-13 kPa O2 , gray circle) or severe hypoxic (1-3 
kPa O2 , black circle) conditions. Each point represents an individual tadpole shrimp.
The sum of all epipodites (x2 for each surface) from each animal was used as total 
respiratory surface area. The sum of podites 3-7 was used as podite length. Summary of 
least squares regression analyses were given in Table 1.
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Figure 2. Mass-specific O2  consumption for adult tadpole shrimp reared under normoxic 
(19-21 kPa O2 , white bars), moderate (10-13 kPa O2 , gray bars) or severe hypoxic (1-3 
kPa O2 , black bars) conditions. Adult tadpole shrimp were exposed to normoxic (19-21 
kPa O2 , solid) and hypoxic (2 kPa O2 , hatched) conditions. Values were shown as mean 
+  S.E.M., n>7. Statistical significance at the level o f P  < 0.05; * indicates significant 
hypoxic response within the rearing group.
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Figure 3; Bilogarithmic plots of respiratory surface area relative to body mass in tadpole 
shrimp reared under normoxic (19-21 kPa O2 , white circle), moderate hypoxic (10-13 kPa 
O2 , gray circle) or severe hypoxic (1-3 kPa O2 , black circle) conditions. Slopes for 
tadpole shrimp reared under normoxic (6=1.77) and severe hypoxic (6=1.17) conditions 
were given. Reference lines and slopes for mammals, tuna, bass, and amphibians were 
given for comparison (from Muir and Hughes, 1969; Tenney and Tenney, 1970; Weibel, 
1973).
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CHAPTER 3
DEVELOPMENTAL HYPOXIC EXPOSURE AFFECTS TADPOLE SHRIMP 
GROWTH AND EPIPODITE SURFACE AREA 
Summary
Hypoxic exposure throughout development can result in organisms that have lower 
metabolic rates, decreased body size, increased respiratory surface area, and/or enhanced 
convection and O2  delivery. The potential for decreased adult body size and increased 
respiratory surface area is o f particular interest because these alterations can result in an 
imbalance between O2  supply and demand. Tadpole shrimp were reared under normoxic 
(19-21 kPa O2 ), moderate hypoxic (10-13 kPa O2 ) or severe hypoxic (1-3 kPa O2 ) 
conditions to investigate the influence o f developmental P0 2  (O2  partial pressure) on 
growth, adult body size, and respiratory (epipodite) surface area. Tadpole shrimp growth 
rates were independent o f developmental P 0 2  early in development. However, adult body 
size was significantly smaller size in tadpole shrimp reared under severe hypoxic 
conditions relative to those reared under normoxic conditions. Differences in 
developmental P0 2  also induced changes in tadpole shrimp epipodite surface area.
Growth of the epipodites was significantly reduced in tadpole shrimp reared under severe 
hypoxic conditions.
34
R ep ro d u ced  with p erm issio n  o f  th e  copyrigh t ow n er. Further reproduction  prohibited w ithout p erm ission .
35
Introduction
Organisms must balance immediate metabolic demand during sensitive developmental 
periods with long-term requirements for survival. Organisms that develop under hypoxic 
conditions often have lower metabolic rates (Hochachka et al., 1999; Boutilier, 2001), 
smaller body size (Greenberg and Ar, 1996; Hammond et al., 2002; Dzialowski, 2002), 
increased respiratory surface area (Loudon, 1988; Loudon, 1989), and enhanced 
convection and O2  delivery (Banchero, 1987; McMahon, 1988; Szewczak and Jackson, 
1992; Pelster, 1999; McMahon, 2001). Respiratory surface area needs to increase at a 
rate proportional to mass to ensure that the respiratory system’s capacity to take up O2  
meets the organism’s metabolic demand (Schmidt-Neilsen, 1993). However, O2  supply 
and demand may become uncoupled in animals that have increased respiratory surface 
area and decreased body mass.
Hypoxic exposure during critical developmental windows may alter respiratory 
system morphology to enhance O2  diffusion from the environment into the animal 
(Hervant et al., 1995; Huey et al., 1999; Willmer et al., 2000; Gozal and Gozal, 2001). 
Oxygen diffusion can be enhanced via decreased diffusion barrier thickness, decreased 
diffusion coefficient for gas exchange (via alterations in the diffusion medium) and/or 
increased gas exchange surface area (Piiper et al., 1971; De Watcher et al., 1992). Gill 
thickness is often reduced in fish exposed to hypoxic conditions during development 
(Laurent and Perry, 1991). The diffusion coefficient for gas exchange was modified in 
fleas reared under hypoxic conditions as a result of alterations in tracheole water level 
(Wigglesworth, 1990). Respiratory surface area is increased in many terrestrial
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vertebrates (Hammond et al., 1999; Hammond et al., 2001), terrestrial invertebrates 
(London, 1988; London, 1989), aquatic vertebrates (Galis and Barel, 1980; Laurent and 
Perry, 1991; Chapman et al., 2000; Severi et al., 2000), and aquatic invertebrates (Astall 
et al., 1997; Lamont and Gage, 2000; McMahon, 2001) reared under hypoxic conditions.
Investigations focusing on respiratory system alterations during ontogeny have not 
examined the effects of developmental environment (Jakubowski, 1996; Oikawa, 1999; 
Rombough and Moroz, 1997). Likewise, investigations focusing on environmental 
effects on respiratory systems have not been assessed throughout the developmental 
period (Hammond et al., 1999; Chapman and Hulen, 2001; Hammond et al., 2001). 
Limited data exist on the effects of developmental P 0 2  on growth and development of 
respiratory structures (Loudon, 1989). Moreover, these morphological evaluations in 
species that routinely inhabit euryoxic (O2  variable) or chronically hypoxic habitats are 
insufficient.
The goals of this study were to test the effects of developmental P 0 2  on growth and 
respiratory surface area development using a branchiopod crustacean. Triops 
longicaudatus. Triops inhabit desert ephemeral pools that are typically euryoxic and 
susceptible to long-term hypoxia. Tadpole shrimp were ideal for this study because they 
have high metabolic rates, rapid development and amenability to laboratory culture 
(Fryer, 1988; Home and Beyenbach, 1971; Scott and Grigarick, 1978). If  environmental 
O2  levels limit development at lower P 0 2 , then animals reared under severe hypoxic 
conditions should have smaller sizes and slower growth rates relative to those reared 
under normoxic conditions. Although the epipodites of branchiopods have been
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implicated in respiratory gas exchange by numerous authors, these assumptions have not 
been tested empirically (Fryer, 1988; Home and Beyenbach, 1971; Scott and Grigarick, 
1978; Eriksen and Brown, 1980a; Eriksen and Brown, 1980b; Eriksen and Brown, 1980c; 
Scholnick, 1995). Epipodites were the thought to function in respiratory gas exchange 
because they were typically only one cell layer thick and lack the thickened cuticle that 
covers the rest of the appendages in branchiopod crustacean (Fryer, 1988). If  epipodites 
function in respiratory gas exchange, then one might expect epipodite surface area to be 
dependent on developmental P0 2 . Further, if  developmental P0 2  does influence 
respiratory system morphology, then tadpole shrimp reared under severe hypoxic 
conditions would be expected to have increased epipodite surface area relative to those 
reared under normoxic conditions.
Materials and Methods 
Study Organism
Sediments containing tadpole shrimp cysts were collected from an ephemeral pool in 
Brownstone Basin (12.7 km west of Las Vegas, Nevada, 1425 m elevation, 36.2500°N, - 
115.3750°W). Water P 0 2  and temperature in Brownstone Basin pool ranged from 2 to 32 
kPa O2  and 17.6°C to 31.7°C, respectively (Appendix I). Three 150-liter insulated 
aquaria (normoxic = 19-21 kPa O2 , moderate hypoxic =10-13 kPa O2  and severe hypoxic 
=1-3 kPa O2 ) were set up in the laboratory using deionized water and sediments taken 
from the pool. A gas-flowmeter (Model GF-3/MP, Cameron Instruments Company, 
Ontario) was used to regulate a mixture of N 2  and room air. Oxygen partial pressure in
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each aquarium was monitored for a 48-hour period each week using data logging 
dissolved O2  meters (Model 810 Orion Dissolved Oxygen Meter, Orion Research,
Boston, MA).
Each aquaria was equipped with ultraviolet (3% UVB and 7% UVA) enhanced lights 
(Energy Savers Unlimited Inc., Super UV Reptile Daylight Lamp, 20 Watt) that 
established a 13L:1 ID cycle. A timed circulating water bath (Model VT513,
Radiometer, Copenhagen) and heat exchange coil were used to cycle temperature with 
the lights. The aquaria started to warm two hours after the lights were turned on and 
continued for five hours each day to establish a 23° to 28°C temperature cycle. Dry 
sediments (100 g) containing tadpole shrimp cysts were added to each aquarium weekly. 
Animals ate algae, detritus and small invertebrates that hatched from the sediment. 
Tadpole shrimp that hatched were identified as T. longicaudatus according to Sassaman 
(1991) (Appendix II). Aquaria were drained and refilled monthly.
Tadpole Shrimp Growth 
The effects of developmental P 0 2  on growth rates were evaluated by determining 
tadpole shrimp mass throughout development. Dry mass was measured for five animals 
collected from each aquarium four times a week. Tadpole shrimp were dried at 60°C 
until three constant mass measurements were obtained over a six-hour period. Growth 
curves were constructed for animals from each rearing group. Days of development were 
established as the days since rehydration because hatching occurs within 24 hours o f 
rehydration (Scott and Grigarick, 1979). Growth rates of animals from each rearing 
group were analyzed using repeated measure one-way AND VA (SigmaStat 2.03, SPSS
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Inc., Chicago, IL) to determine the effects of developmental P 0 2 . A Bonferroni t-test was 
used for multiple pairwise comparisons when rearing effects were significant at the level 
of P  < 0.05 (SigmaStat 2.03, SPSS Inc., Chicago, IL).
Tadpole Shrimp Morphology 
Overall effects o f developmental P 0 2  on body growth and form were evaluated by 
determining tadpole shrimp gross morphology. Tadpole shrimp were collected from the 
rock pool in Brownstone Basin (n = 26) and aquaria maintained in the laboratory under 
normoxic (n = 18), moderate hypoxic (n = 18) and severe hypoxic (n = 18) conditions. 
Measurements were made of carapace length (mm) (anterior margin to mid-dorsal 
terminus) and total body length (mm) (anterior margin of carapace to posterior margin of 
telson, not including the caudal furci). Those measurements were used to determine 
carapace ratio (carapace length/total body length). The total number o f body rings, 
number o f abdominal body rings (not covered by carapace) and number o f telson spines 
were also measured. Comparisons o f each morphological measurement were made 
among rearing groups using one-way ANOVA (SigmaStat 2.03, SPSS Inc., Chicago, IL) 
to determine the effects of developmental P 0 2  on tadpole shrimp gross morphology.
Podite length was determined for tadpole shrimp from each rearing group to determine 
if differences in epipodite surface area were a result of changes in overall appendage 
structure. Appendages 3-7 were dissected from animals in each rearing group (n = 11 per 
rearing group) and photographed under a dissecting microscope (Leica Stereozoom 6 
Photo). Images of the podites were analyzed using Scion Imaging (National Institutes of 
Health software, Bethesda, Maryland). Podite length was calculated as length o f podites
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from precoxa (animal attachment) to end o f basis (terminus of endites). The sum of 
podite lengths from appendages 3-7 was used for podite length. The allometric 
relationships o f mass-specific podite length were determined for each rearing group using 
least squares regression analysis performed on log-transformed data. The coefficient of 
variation (r) was estimated to determine the goodness o f fit. The effects of 
developmental P 0 2  on podite length in relation to animal mass were determined using 
ANCOVA (StatView, 5.0.1, StatView Software, Cary, NC).
Epipodite Surface Area 
Epipodite surface areas were compared among tadpole shrimp rearing groups to 
determine the influence of developmental P0 2  on respiratory surface area. All o f the 
respiratory appendages were dissected from animals in each rearing group (n > 11 per 
rearing group). Appendages were photographed under a dissecting microscope (Leica 
Stereozoom 6 Photo). Images of the epipodites were analyzed for surface area using 
Scion Imaging (National Institutes o f Health software, Bethesda, Maryland). The area 
for each appendage was multiplied (x 2) to account for both surfaces o f the epipodite. 
Individual animal epipodite surface areas were summed to obtain total respiratory surface 
area. The effects o f developmental P 0 2  on respiratory surface area were determined using 
Kruskal-Wallis one-way ANOVA on Ranks because the data was not normally 
distributed (SigmaStat 2.03, SPSS Inc., Chicago, IL). A Tukey test was used for multiple 
pairwise comparisons when rearing effects were significant at the level of P  < 0.05 
(SigmaStat 2.03, SPSS Inc., Chicago, IL). The allometric relationships o f mass-specific 
epipodite surface area were determined for each rearing group using least squares
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regression analysis performed on log-transformed data. The effects o f developmental P 0 2  
on epipodite surface area in relation to animal mass were determined using ANCOVA 
(StatView, 5.0.1, StatView Software, Cary, NC). A Scheffe test was used for all multiple 
pairwise comparisons when rearing effects were significant at the level o f P  < 0.05 
(StatView, 5.0.1, StatView Software, Cary, NC).
Results
Tadpole Shrimp Growth
Developmental environment had a significant impact on tadpole shrimp size since 
adult body mass was dependent on rearing P 0 2  in tadpole shrimp {F =15.002; d f= 2 \P  < 
0.001) (Figure 4). Differences among the rearing groups were evident after animals 
reached 80 mg dry mass and 18 days o f development. Growth rates before day 18 were 
not significantly different among rearing groups (F  =26.661 ; ù^= 2; P  = 0.174). Early in 
development, tadpole shrimp reared under normoxic conditions increased dry mass by 
3.75 mg dry mass day''. Those reared under moderate or severe hypoxic conditions 
increased dry mass by 3.66 and 3.76 mg dry mass day'', respectively. Growth rates after 
day 18 were significantly different among the groups (F  =40.211 ; c^= 2; P  = 0.004). 
Mature tadpole shrimp reared under severe hypoxic conditions had growth rates (0.44 mg 
dry mass day ') that were significantly lower than those reared under normoxic 
conditions (/ = 12.244; P  < 0.001). However, moderate hypoxic conditions did not
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appear to limit growth (0.71 mg dry mass day'') relative to those reared under normoxic 
conditions (0.70 mg dry mass' day'') {t = 1.642; P  = 0.079).
Tadpole Shrimp Morphology 
Male and female tadpole shrimp were combined for analyses because there was no 
difference between sexes in the morphological features investigated. Developmental P0 2  
did not affect gross morphology of adult tadpole shrimp. Carapace length {F =0.647; df=  
2; P  = 0.643), body length ( F =1.260; df=  2; P  = 0.218), carapace ratio ( F =1.005; df=  2; 
P  = 0.094), total number o f body rings ( F =1.233; df=  2; P  = 0.098), number o f 
abdominal rings (F  =0.271; d f~  2; P  = 0.138), number of telson spines (F  =0.791; d f=  2; 
P  = 0.673) and podite length (F =  1.307; df=  2; P  = 0.439) were not significantly 
different among rearing groups (Appendix 11). Carapace length ranged from 10.7 to 13.1 
mm, body length ranged from 22.4 to 27.3 mm and carapace ratio (carapace length/body 
length) ranged from 0.28 to 0.52. The total number of body rings ranged from 29 to 45 
rings and abdominal body rings ranged from 15 to 22 rings. The number o f telson spines 
ranged from 1 to 3, most animals had 2 telson spines. Podite length was not dependent 
on rearing P0 2  (F  = 1.307; df=  2; P  = 0.439). Podite length was measured over a wide 
range of masses and it was found that the length of the podite was dependent on animal 
mass (F =  67.392; d f -  2; P  < 0.001). As animals grew, they had proportionally larger 
legs. This may true for other morphological characters such as carapace length and body 
length; however, those measurements were restricted to a small range o f body masses and 
therefore analyses of their allometric relationships were not available.
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Epipodite Surface Area 
Developmental P 0 2  influenced the growth of epipodite surface area after animals 
exceeded 30 mg dry mass { H -  9.730; d f -  2; P  < 0.05) (Figure 5). Respiratory surface 
area was significantly reduced in adult tadpole shrimp reared under severe hypoxic 
conditions when compared to animals reared under normoxic conditions (g = 13.518; P  < 
0.05). Adults reared under moderate hypoxic conditions were not significantly different 
from those reared under normoxic conditions {q = 1.063; P  = 0.08). Respiratory surface 
area was unaffected by environmental P0 2  early in development. As animals grew, the 
disparity among the groups increased because respiratory surface area development 
became limited in those animals developing under severe hypoxic conditions.
Analysis o f covariance revealed a significant difference in mass-specific respiratory 
surface area relative to mass that was dependent on developmental P0 2  (P =  7.418; d f= 2 \ 
P < 0.001) (Figure 6) (Table 2). Mass-specific respiratory surface area scaled relative to 
body mass in tadpole shrimp reared under normoxic conditions with 6=0.77 and 
moderate hypoxic with 6=0.56. Animals reared under severe hypoxic had significantly 
reduced slopes (6=0.18) from those reared under normoxic conditions (P < 0.05). 
Developmental P0 2  significantly altered the scaling of respiratory surface area with mass; 
however, this was not the result of an overall decrease in appendage size. Mass-specific 
podite length scaled with body mass similarly among the groups, independent of 
developmental P0 2  (F =  1.342; df=  2; P = 0.361) (Figure 6) (Table 2). Mass-specific 
podite length scaled relative to body mass in tadpole shrimp reared under normoxic 
conditions with 6=0.19, moderate hypoxic with 6=0.25, and severe hypoxic with 6=0.16.
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Discussion 
Tadpole Shrimp Growth 
Ephemeral pool inhabitants must rapidly grow and mature in order to complete their 
life cycle before their aquatic habitat dries and disappears (Belk and Cole, 1975; Seaman 
et al., 1995). Oxygen limitations in the developmental environment, such as those 
frequently experienced in ephemeral pools, can often reduce adult body size (Home and 
Beyenbach, 1971; Loudon, 1988; Greenberg and Ar, 1996; Takada and Caswell, 1997; 
Higgins, 2000; Frazier et al., 2001; Higgins, 2002). Scholnick (1995) reported that 
environmental P 0 2  could affect tadpole shrimp growth rates throughout their life. In the 
current study, environmental P 0 2  did not affect growth rates until after day 18 (at 
approximately 80 mg dry mass) (Figure 4). After day 18, growth was limited in tadpole 
shrimp reared under severe hypoxic conditions (Figure 4). Oxygen limitation o f growth 
coincided with increased O2  requirements after animals became sexually mature (9-14 
days) (Campbell et al., 1999; unpublished data, S.L. Harper).
Reduced grovfth rates observed in tadpole shrimp reared under severe hypoxic 
conditions may be confounded with changes in feeding due to hypoxic exposure. The 
time tadpole shrimp spend in the benthic-feeding zone has been positively correlated with 
growth rates (Scholnick and Snyder, 1996). Animals spend more time in hypoxic benthic 
habitats when they have increased hemoglobin concentrations (Scholnick and Snyder, 
1996). Tadpole shrimp reared under severe hypoxic conditions have significantly higher 
hemoglobin concentrations; however, those tadpole shrimp had reduced growth rates 
relative to those reared under normoxic conditions. Although the higher hemoglobin
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concentration should allow them to remain in benthic waters during hypoxic exposure, 
they may preferentially feed less due to the adverse affects of hypoxia (Forbes and 
Lopez, 1990; Chapman and Hulen, 2001). Differences in adult body size have been 
attributed to direct limitations imposed by hypoxic conditions as well as a possible 
decrease in feeding during hypoxic exposure (Vetter and Lynn, 1997). Additionally, 
tadpole shrimp in this study ate algae, detritus and small invertebrates that hatched from 
sediment in each aquarium. The biomass of each potential food resource may have 
differed among the aquaria due to differences in P0 2 .
Tadpole Shrimp Morphology 
Tadpole shrimp gross morphology has remained unchanged for over 180 million years 
(Fryer, 1985; Suno-Uchi et al., 1997). All tadpole shrimp have a similar fundamental 
architecture with similar carapace shape (round or oval with a sulcus), armature of the 
telson, arrangement o f the eyes and the dorsal organ and the presence o f two furcas (tail 
processes) (Suno-Uchi et al., 1997). Most developing organisms change relative shape as 
they develop (Schmidt-Neilsen, 1993). In that case, measurements o f dry mass alone 
may not accurately represent changes that may occur in tadpole shrimp morphometry due 
to developmental hypoxic exposure. Changes in carapace structure or tadpole shrimp 
morphometry could directly impact animal dry mass and metabolic demand. For 
instance, tadpole shrimp that are ‘short and thick’ versus ‘long and thin’ may not have the 
same metabolic demand or supply potential (Eckert, 1988). Tadpole shrimp gross 
morphology did not appear to change based on the morphometries evaluated in this study.
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No differences were observed among the rearing groups in carapace length, body length, 
carapace ratio, body rings or number o f telson spines.
Epipodite Surface Area
Respiratory surface area was dependent on developmental P0 2 ; however, the results of 
this study contradict the findings of most other studies in which developmental hypoxic 
exposure resulted in increased respiratory surface area (Galis and Barel, 1980; Loudon, 
1988; Loudon, 1989; Laurent and Perry, 1991; Chapman et al., 2000; Severi et al., 2000). 
An increase in respiratory gas exchange surface area should enhance O2  uptake from 
hypoxic water given that ventilation and perfusion were not affected by developmental 
P 0 2  or acute hypoxic exposure (Chapter 4). Yet growth of the respiratory appendages 
appeared to be impeded in tadpole shrimp reared under severe hypoxic conditions (Figure 
5). Epipodite surface area reduction was not due to an overall decrease in appendage 
size. Mass-specific podite length in relation to mass was not dependent on 
developmental P 0 2 ; whereas, mass-specific epipodite surface area was significantly 
reduced in animals that developed under severe hypoxic conditions (Figure 6 ) (Table 2).
One hypothesis explaining the difference observed in respiratory surface area is that 
the decrease resulted fi-om the direct limitation o f O2  to fuel anabolism and production of 
larger appendages (Severi et al., 2000). Another hypothesis is that general damage to the 
organism or developmental constraints imposed by low P 0 2  resulted in the decreased 
respiratory surface area observed in tadpole shrimp reared under severe hypoxic 
conditions (Wilson and Franklin, 2002). A final hypothesis is that the ultrastructure of 
the epipodites may be altered by developmental hypoxic exposure. The epipodites may
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become more convoluted or may be thinner in those animals reared under hypoxic 
conditions. Neither of these results would have been detected by the methods used for 
calculating respiratory surface area, but both could enhance the diffusion of O2  into the 
animal.
Environmentally induced change in the anatomy of the epipodites may impair other 
functions. For example, environmental P 0 2  can alter the composition o f two cell types 
that make up the epipodites of a Japanese clam shrimp (Caenestheriella gifuensis) 
(Kikuchi and Shiraishi, 1997). Chronic hypoxic exposure increased the number o f 
respiratory epithelial cells and decreased the number o f ion-transporting cells, thereby 
limiting the animal’s osmoregulatory capabilities (Kikuchi and Shiraishi, 1997). It is 
unknowm if  a similar cellular arrangement o f epipodite epithelium exists in tadpole 
shrimp. However, morphological changes o f epipodites to enhance respiration could 
compromise additional epipodite functions such as feeding and locomotion. The 
consequences o f reduced epipodite surface area for feeding and locomotion are not 
known. Feeding currents that draw water and food past the mouth are generated by the 
constant beating o f the appendages (Fryer, 1988). Smaller appendages may generate 
different feeding currents than larger appendages. Likewise, smaller appendages may 
affect the locomotory abilities of tadpole shrimp by decreasing the area o f contact 
between the animal and water. Epipodite surface area may affect the amount o f water 
that passes between each appendage, which can also affect locomotion and feeding, in 
addition to gas exchange across those surfaces.
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Consequences of Developmental Hypoxic Exposure
Hypoxic stress experienced during sensitive developmental periods altered adult 
tadpole shrimp morphology (decreased respiratory surface area) and limited growth. 
Differences were observed in respiratory surface area among rearing groups after animals 
were >30 mg dry mass. Differences in growth rates were observed after animals were 
>80 mg dry mass. This is developmentally significant because it shows that tadpole 
shrimp exposed to severe hypoxic stress reduce resource investment into growth and 
development of respiratory tissues. The trade-off may be that they were allocating those 
limited resources (O2 ) toward the production o f high 0 2 -affinity hemoglobin to facilitate 
survival.
At least one author has speculated on the fitness consequences o f developmental 
hypoxic exposure for tadpole shrimp (Scholnick, 1995). Reductions in tadpole shrimp 
size may limit seasonal fecundity because larger (like those reared under normoxic 
conditions) females produce more cysts than smaller (like those reared under severe 
hypoxic conditions) ones (Scholnick, 1995). Additionally, Scholnick (1995) reported an 
increase of approximately 30 more eggs during a 22-day season when ambient P0 2  was 
increased by 1.3-kPa O2 . Therefore, tadpole shrimp fitness may be reduced when 
animals develop in severely hypoxic environments.
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Table 2 Summary o f linear regression analyses {a = intercept, b = slope) for log-
transformed mass-specific respiratory surface area and mass-specific podite length. 
Respiratory surface area was calculated as the sum of all epipodites (x2 for each surface) 
from each animal. Podite length was calculated as the sum of podites 3-7. Tadpole 
shrimp rearing groups included: normoxic (19-21 kPa O2 ), moderate hypoxic (10-13 kPa 
O2 ) and severe hypoxic (1-3 kPa O2 ). Scheffe P  value given when regression line slopes 
were significantly different from normoxic (*) or moderate hypoxic (**) rearing groups.
Rearing
Groups a b r? P
Scheffe 
P  value
Respiratory Surface Area / Mass
Normoxic 0.358 0.769 0.887 < 0 . 0 0 1
Moderate
Hypoxic
0.631 0.562 0.932 < 0 . 0 0 1
Severe
Hypoxic
0.900 0.177 0.712 0.008 * < 0 . 0 0 1  
** < 0 . 0 0 1
Podite Length / Mass
Normoxic -0.388 0.186 0.746 0 . 0 1 0
Moderate
Hypoxic
-0.464 0.247 0.713 0.006
Severe
Hypoxic
-0.346 0.158 0.689 0.043
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Figure 4. Growth rates for tadpole shrimp reared under normoxic (19-21 kPa 0 2 , white 
circles), moderate hypoxic (10-13 kPa 0 2  , gray circles) or severe hypoxic (1-3 kPa 0 2  , 
black circles) conditions. Values were shown as mean ± S.E.M., n >5. In some cases, the 
error bars may be smaller than the symbols.
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Figure 5. Respiratory surface area (epipodite surface area) plotted in relation to tadpole 
shrimp dry mass. Animals reared under normoxic (19-21 kPa Oj) shown in white, 
moderate hypoxic (10-13 kPa O2 ) in gray, and severe hypoxic (1-3 kPa O2 ) in black. 
Each point represents an individual tadpole shrimp. The sum of all epipodites (x2 for 
each surface) from each animal was used as respiratory surface area.
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Figure 6 . Mass-specific epipodite surface area (circles, RSA/M) and mass-specific podite 
length (squares, PL/M) of tadpole shrimp reared under normoxic (19-21 kPa 02 , white), 
moderate hypoxic (10-13 kPa 0 2  , gray) or severe hypoxic (1-3 kPa 0 2  , black) 
conditions. Summary of linear regression analyses for log-transformed RSA/M and 
PL/M were given in Table 2.
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CHAPTER 4
METABOLIC, RESPIRATORY AND CARDIOVASCULAR RESPONSES TO 
ACUTE AND CHRONIC HYPOXIC EXPOSURE IN TADPOLE SHRIMP
Summary
Hypoxic exposure experienced during sensitive developmental periods can shape adult 
physiological capabilities and define regulatory limits. Tadpole shrimp were reared 
under normoxic (19-21 kPa O2 ), moderate (10-13 kPa O2 ) or severe (1-3 kPa O2 ) hypoxic 
conditions to investigate the influence of developmental oxygen partial pressure (P0 2 ) on 
metabolic, respiratory and cardiovascular physiology. Developmental P0 2  had no effect 
on metabolic rate or metabolic response to hypoxic exposure. All rearing groups 
decreased O2  consumption as water P0 2  decreased. Heart rate, stroke volume and cardiac 
output were independent of P0 2  down to 5 kPa O2  in all rearing groups. Below this, 
cardiac output was maintained only in tadpole shrimp reared under severe hypoxic 
conditions. The enhanced ability to maintain cardiac output was attributed to an observed 
increase in hemoglobin concentration and 0 2 -binding affinity in those animals. Oxygen- 
delivery potential was also significantly higher in the group reared under severe hypoxic 
conditions (1,336 pi 0 2  min'^) when compared to the group reared under normoxic
53
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conditions (274 pi O2  m in'‘). Differences among the rearing groups that were dependent 
on hemoglobin were not considered developmental effects because hemoglobin 
concentration could be altered within seven days of hypoxic exposure independent of 
developmental P0 2 . Hypoxia-induced hemoglobin synthesis may be a compensatory 
mechanism that allows tadpole shrimp to regulate O2  uptake and transport in euryoxic 
(O2  variable) environments. The results o f this study indicate that increased hemoglobin 
concentration, increased 0 2 -binding affinity, and transient decreases in metabolic demand 
may account for tadpole shrimp hypoxic tolerance.
Introduction
Hypoxic exposure elicits a range of metabolic responses with ‘oxygen conformation’ 
and ‘oxygen regulation’ at the extreme ends of a continuum (Hochachka, 1 9 8 8 ) .  Oxygen 
conforming organisms tolerate internal hypoxia and reduce metabolic demand so that O2  
consumption (V0 2 ) is coupled with environmental O2  partial pressure (P0 2 ) (Loudon, 
1 9 8 8 ;  Hochachka et al., 1 9 9 9 ;  B outiller, 2 0 0 1 ) .  Oxygen regulating organisms, in 
contrast, maintain V 0 2  independent of P0 2  down to P c r i t , a  point at which the O2  required 
for aerobic processes becomes limited (Herreid, 1 9 8 0 ;  Hochachka, 1 9 8 8 ) .  Above P c r i t , 
O2  uptake and delivery may be enhanced by compensatory physiological responses such 
as increased ventilation and/or increased internal convection (McMahon, 1 9 8 8 ;  Hervant 
et al., 1 9 9 5 ;  Willmer et al., 2 0 0 0 ;  Boutilier, 2 0 0 1 ;  Hochachka and Lutz, 2 0 0 1 ;  Hopkins 
and Powell, 2 0 0 1 ;  Hoppeler and Vogt, 2 0 0 1 ) .
R eproduced  with perm ission of the copyright owner. Further reproduction prohibited without perm ission.
55
Hypoxic exposure during sensitive developmental periods may permanently alter 
morphology and subsequent physiological responses to acute hypoxic exposure (Bradley 
et al., 1999; Willmer et al., 2000; Gozal and Gozal, 2001; Peyronnet et al., 2002). 
Developmental plasticity in response to hypoxic conditions can result in organisms with 
lower metabolic rates (Hochachka et al., 1999; Boutilier, 2001), more respiratory gas 
exchange surface area (Loudon, 1988; Loudon, 1989) and/or enhanced convection and O2  
delivery (Banchero, 1987; McMahon, 1988; Szewczak and Jackson, 1992; Pelster, 1999; 
McMahon, 2001). Convective processes and 0 2 -delivery capacities may be enhanced via 
increased hemoglobin concentrations and 0 2 -binding affinities in animals reared under 
hypoxic conditions (Wells and Wells, 1984; Snyder, 1987; Kobayashi et al., 1988; 
Hervant et al., 1995; Astall et al., 1997; Hou and Huang, 1999; Wiggins and Frappell, 
2000; Barros et al., 2001). In many organisms, a change in the 0 2 -binding affinity of 
respiratory proteins can enhance the O2  diffusion gradient and ensure sufficient O2  uptake 
without permanent alteration of morphology or physiological processes (Wells and 
Wells, 1984; Kobayashi et al., 1988; Hochachka et al., 1999; Willmer et al., 2000).
Our fundamental understanding of physiological responses to hypoxic exposure is 
based primarily on paradigms established from human and other vertebrate research 
(Hochachka et al., 1999; Boutilier, 2001 ; Hoppeler and Vogt, 2001). These studies often 
focus on acute (short duration) hypoxic responses because of the time demands and 
complexities involved in chronic (persistent) studies. However, physiological responses 
to chronic exposure, or exposure during sensitive developmental periods, may differ 
significantly from those induced by acute hypoxic exposure (Bamber and Depledge,
R eproduced  with perm ission of the copyright owner. Further reproduction prohibited without perm ission.
5 6
1997). Animals frequently exposed to hypoxic conditions will typically have cardio­
respiratory system plasticity and may exhibit unique physiological compensatory 
mechanisms to hypoxic exposure (McMahon, 1988; Graham, 1990; Childress and Seibel,
1998). Comparative studies of organisms that live in euryoxic environments can yield 
increased knowledge of physiological plasticity and the diversity of compensatory 
responses to hypoxic exposure (Hammond et al., 2001).
The degree to which developmental P 0 2  influences adult metabolic, respiratory and 
cardiovascular hypoxic responses was investigated using tadpole shrimp. Several 
features o f tadpole shrimp make them well suited to study the effects o f acute and 
developmental hypoxic exposure. They are often faced with environmental Po2 ’s below 
their P c r i t , yet the mechanisms by which they tolerate such conditions are poorly 
understood (Home and Beyenbach, 1971; Hillyard and Vinegar, 1972; Eriksen and 
Brown, 1980; Scholnick, 1995; Scholnick and Snyder, 1996). Tadpole shrimp have high 
metabolic rates and respiratory stmctures (epipodites) that are thought to be inadequate to 
maintain O2  uptake in their euryoxic habitats (Fryer, 1988; Home and Beyenbach, 1971 ; 
Hillyard and Vinegar, 1972; Scott and Grigarick, 1978; Eriksen and Brown, 1980a; 
Scholnick, 1995; Scholnick and Snyder, 1996). A tubal, myogenic heart devoid of 
vasculature produces the only intemal convective currents in tadpole shrimp (Yamagishi 
et al., 1997; Yamagishi et al., 2000). Large, extracellular hemoglobin (29 subunits) is 
produced in response to hypoxic exposure but the m echanism s o f  this hypoxic induction  
were not known (Home and Beyenbach, 1971; Scholnick and Snyder, 1996). Finally, 
tadpole shrimp have a comparatively rapid generation time and amenability to laboratory
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culture, which make them good organisms for developmental investigations (Fryer, 1988; 
Home and Beyenbach, 1971; Scott and Grigarick, 1978).
Adult tadpole shrimp were reared under normoxic (19-21 kPa O2 ), moderate (10-13 
kPa O2 ) or severe (1-3 kPa O2 ) hypoxic conditions to determine whether differences in 
developmental P0 2  were sufficient to change adult metabolic, respiratory or 
cardiovascular system physiology and hypoxic sensitivity. Compensatory respiratory and 
cardiovascular processes that enhance O2  uptake, intemal convection and perfusion 
should increase in response to hypoxic exposure. Tadpole shrimp reared under hypoxic 
conditions were expected to have decreased metabolic sensitivity to P0 2  change, 
increased physiological responses to hypoxic exposure and increased hemoglobin 
concentration and 0 2 -binding affinity relative to those reared under normoxic conditions 
(Wells and Wells, 1984; Snyder, 1987; Kobayashi et al., 1988; Hervant et al., 1995;
Astall et al., 1997; Hochachka et al., 1999; Hou and Huang, 1999; Barros et al., 2001; 
Boutilier, 2001).
Materials and Methods 
Study Organism and Rearing Conditions 
Sediments containing tadpole shrimp cysts were collected from an ephemeral pool in 
Brownstone Basin (12.7 km west of Las Vegas, Nevada, 1425 m elevation, 36.2500°N, - 
115.3750°W). Water P0 2  and temperature in Brownstone Basin pool ranged from 2 to 32 
kPa O2  and 17.6°C to 31.7°C, respectively (Appendix I). Three 150-liter insulated 
aquaria (normoxic = 19-21 kPa O2 , moderate hypoxic =10-13 kPa O2  and severe hypoxic
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=1-3 kPa O2 ) were set up in the laboratory using deionized water and sediments taken 
from the pool. A gas-flowmeter (Model GF-3/MP, Cameron Instruments Company, 
Ontario) was used to regulate a mixture of N 2  and room air. Oxygen partial pressure in 
each aquarium was monitored for a 48-hour period each week using data logging 
dissolved O2  meters (Model 810 Orion Dissolved Oxygen Meter, Orion Research,
Boston, MA).
Each aquaria was equipped with ultraviolet (3% UVB and 7% UVA) enhanced lights 
(Energy Savers Unlimited Inc., Super UV Reptile Daylight Lamp, 20 Watt) that 
established a 13L:1 ID cycle. A timed circulating water bath (Model VT513,
Radiometer, Copenhagen) and heat exchange coil were used to cycle temperature with 
the lights. The aquaria started to warm two hours after the lights were turned on and 
continued for five hours each day to establish a 23° to 28°C temperature cycle. Dry 
sediments ( 1 0 0  g) containing tadpole shrimp cysts were added to each aquarium weekly. 
Animals ate algae, detritus and small invertebrates that hatched from the sediment. 
Tadpole shrimp that hatched were identified as T. longicaudatus according to Sassaman 
(1991) (Appendix II). Aquaria were drained and refilled monthly.
Metabolism
Standard metabolic rate was measured when animals were active because they were 
infrequently quiescent. To assess the confounding effect of P0 2  on activity, individual 
animals (n = 1 0 ) were placed in a marked cylindrical 1 0 -ml flow-through chamber and 
videotaped during progressive hypoxic exposure. Animals were acclimated (30 minutes) 
to the chamber under normoxic conditions. A gas-flowmeter (Model GF-3/MP, Cameron
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Instruments Company, Ontario) was used to regulate the mixture o f N 2  and air. Chamber 
P 0 2  was decreased from 20 to 2 kPa O2  at a rate of 5 kPa O2  hour''. The number o f times 
the animal crossed defined marks on the chamber was averaged over one-minute intervals 
to produce an index of activity in response to P 0 2 .
Animals from each rearing group (n = 7 per rearing group) were individually sealed in 
a 125-ml closed system darkened respirometry chamber at 28°C. The chamber had a 
plastic grate on the bottom under which a magnetic stir rod was placed to ensure 
thorough mixing of the chamber. Oxygen content o f the chamber was monitored using a 
model 781 Strathkelvin O2  meter (Strathkelvin Instruments, Glasgow). Oxygen 
consumption was calculated based on the following equation:
V 0 2  =  ( V r  X APw0 2  X  PwO:)/ At X  DM 
where, V 0 2  is oxygen consumption, V r  is the volume of water in the respirometer, APwo2 
is the change in oxygen concentration of the water, Pwoi is the capacitance o f oxygen in 
water. At is duration in minutes, and DM is the dry mass of the animal measured in grams 
(Piiper et al., 1971). Individual tadpole shrimp dry mass was determined by drying the 
animal at 60°C until three constant mass measurements were obtained. Oxygen 
consumption rates were calculated for successive five-minute intervals and expressed as 
mass-specific O2  uptake (pi O2  g"' hr''). The experiment was performed without animals 
in the chamber and the V 0 2  rates obtained were used to correct for microbial respiration.
Animals reared under normoxic (n = 10) and severe hypoxic (n = 10) conditions were 
used to assess anaerobic metabolism in tadpole shrimp. Lactate concentration was 
measured for five animals pre-treatment and five animals after exposure to severe
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hypoxic conditions (2 kPa O2 ) for 12 hours at 23 °C. Lactate concentrations in the 
experimental chamber water were also determined. Hypoxic conditions were maintained 
using a gas-flowmeter (Model GF-3/MP, Cameron Instruments Company, Ontario) to 
control the mixture o f N 2  and room air. Hemolymph was collected in glass capillary 
tubes from dorsal heart puncture. Lactate concentrations were determined for 10 pi water 
samples and 10 pi hemolymph samples mixed with 1.0 ml lactate reagent solution (#735- 
10). Hemolymph lactate concentrations were measured enzymatically (Sigma 
Diagnostics; Sigma Lactate Kit # 735) at 540 nm.
Ventilation
Ventilatory rate and amplitude were measured in response to hypoxic exposure in 
order to assess the effects o f developmental P0 2  on adult ventilatory hypoxic response. 
Adult tadpole shrimp from each rearing group (n = 13 per rearing group) were held in a 
30-ml flow-through chamber (temp. = 25°C). Tadpole shrimp were secured in the 
chamber with applicator stick and cyanoacrylate glue on the lateral carapace. They were 
inverted in the chamber to allow the ventral surface to be viewed. Movements of the 
respiratory appendages were videotaped (60 Hz sampling speed) under a dissecting 
microscope (Leica Stereozoom 6  Photo) using a video camera (World Precision 
Instruments, Inc. Oscar Color Camera Vidcam), super VHS video recording system 
(Panasonic PV-54566) and Horita time code generator (VG 50). Tadpole shrimp were 
acclimated for 30 minutes and then exposed to four environmental Po2 ’s (20, 13.3, 10 and 
1 kPa O2 ) in random order. Thirty minutes was allowed for acclimation at each P 0 2 . 
Time-encoded video was analyzed ffame-by-frame on an editing tape player (Panasonic
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AG-DS550) to determine ventilation rate and amplitude. Ventilation rate (frequency) 
was measured as number of beats per minute of appendages. The amplitude of 
appendage beats was determined as mean distance that the 4'*’ and 5* appendages 
separate during five subsequent ventilatory strokes.
Cardiac Physiology
Heart rate, stroke volume and cardiac output were measured in response to hypoxic 
exposure in order to assess the effects o f developmental P0 2  on adult cardiac hypoxic 
responses. Adult tadpole shrimp from each rearing group (n = 13 per rearing group) were 
secured in a 30-ml flow-through experimental chamber as previously described. Animals 
were acclimated for 30 minutes and then exposed to five environmental Po2 ’s (26.7, 20, 
13.3, 10 and 4 kPa O2 ) in random order. Thirty minutes was allowed for acclimation at 
each P 0 2 . Cardiac contractions were videotaped as previously described. Heart rate ( / h ; 
beats min ') was measured as number o f beats per minute when the time-encoded video 
was advanced frame-by-frame on an editing tape player (Panasonic AG-DS550, Cypress, 
California). The tadpole shrimp heart was modeled as a cylinder with a volume o f Tir^h; 
where r is half the width of the heart and h is length. Images of the heart were collected 
during maximal (end diastolic volume -  EDV) and minimal (end systolic volume -  ESV) 
distention. Those images were dimensionally analyzed using Scion Imaging (National 
Institutes o f Health software, Bethesda, Maryland). Stroke volume (Vs; pi beat ') was 
calculated as the difference in heart volume between EDV and ESV. Cardiac output (Vy; 
pl min ') was calculated as the product o f heart rate and stroke volume.
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Hemoglobin
Concentration
Hemoglobin is the major protein in tadpole shrimp hemolymph (Home and 
Beyenbach, 1971). Protein concentrations of animals from each rearing group (n = 10 
per rearing group) were determined to assess the influence o f developmental P 0 2  on 
hemoglobin production. Protein concentrations were determined for tadpole shrimp 
reared under normoxic conditions and exposed to severe hypoxic conditions for 5, 7 and 
10 days (n = 7 per day). Likewise, protein concentrations were determined for tadpole 
shrimp reared under severe hypoxic conditions and exposed to normoxic conditions for 5, 
7 and 10 days (n = 7 per day). Protein concentrations were determined using a Micro 
BCA Protein Assay Reagent Kit (#23235, Pierce, Rockford, Illinois). Protein standards 
(2.0mg m l'' BSA in a solution o f 0.9% saline and 0.05% sodium azide) were diluted with
tadpole shrimp saline (5.84mg NaCl, 7.45mg KCl, 11.09mg CaCb, 9.52mg MgCL, 
3.65mg HCl and 1ml H2 O) (Yamagishi et al., 2000) to form solutions with final BSA 
concentrations o f 200, 40, 20, 10, 5, 2.5, 1 and 0.5 p g m f’. Working reagent was 
prepared by mixing 12.5 ml Micro BCA Reagent MA (sodium carbonate, sodium 
bicarbonate and sodium tartrate in 0.2 N NaOH) and 12 ml Micro BCA Reagent MB 
(bicinchoninic acid (4.0%) in water) with 0.5 ml Micro BCA Reagent MC (4.0% cupric 
sulfate, pentahydrate in water). One milliliter of each standard was added to 
appropriately labeled test tubes. A water blank and tadpole shrimp saline were used as 
controls. In each test tube, 1.0 ml working reagent was added and mixed. The tubes 
were covered with Parafilm and placed in a 60°C water bath for 60 minutes and then
R eproduced  with perm ission of the copyright owner. Further reproduction prohibited without perm ission.
63
cooled to room temperature (23°). Absorbance was measured at 562 nm with corrections 
made for reference. A standard curve was produced to obtain hemoglobin concentrations 
o f hemolymph samples.
Oxygen-Binding Affinity 
Hemoglobin 0 2 -binding affinities were measured for animals from each rearing group 
to determine differences dependent on developmental P 0 2 . Hemolymph (60pl) was 
collected in glass capillary tubes from large tadpole shrimp (n = 7 per rearing group) by 
dorsal puncture o f the heart. Hemolymph was added into a small flow-through tonometer 
that opened into a narrow chamber ( 1  mm inner diameter) inside o f a cuvette ( 1  cm x 1 
cm X 5 cm). The tonometer was placed on its side when hemolymph was added and 
during each equilibration step. This allowed the hemolymph to flow into the bulbous 
region o f the tonometer. A stirring flea powered by a magnetic stirrer was placed into the 
tonometer to ensure thorough mixing of the hemolymph with inflowing gas mixtures. 
During spectrophotometric measurements, the tonometer was held upright so that the 
hemolymph flowed into the narrow chamber. The P0 2  o f humidified inflowing gas (1000 
seem) was adjusted using a gas-mixing system (Model GF-3/MP, Cameron Instruments 
Company, Ontario). Hemolymph was equilibrated for 20 minutes with normoxic air (20 
kPa) and analyzed spectrophotometrically using a Turner spectrophotometer (Model 340, 
Mountain View, California) at a wavelength o f 570nm. This is the wavelength of 
maximal absorbance for oxy- and deoxy-hemoglobin for Triops (Home and Beyenbach, 
1974). Water was used as a reference. The absorbance o f hemoglobin was determined 
after equilibration with air of 30, 4.0, 2.7, 1.3, 1.1, 0.8, 0.5 and 0 kPa O2 . Standard
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curves were constructed from the absorbance of hemoglobin at 0 % and 1 0 0 % saturation. 
Percent saturation for hemoglobin at each P 0 2  was calculated using standard curves.
Curve fitting of 0 2 -binding was calculated using SigmaStat 2.03 (SPSS Inc., Chicago,
IL). The P 5 0  for each rearing group was determined as the P0 2  at which 50% saturation 
occurred (Bruno et al., 2001). Cooperativity (nn) was calculated as the maximal slope of 
log [saturation/(l-saturation)] against log [P0 2 ] (Bruno et al., 2001).
Oxygen dependent changes in hemolymph pH were used to determine the significance 
o f a Bohr shift in altering hemoglobin 0 2 -binding affinity. Hemolymph pH was 
measured using a PHR-146 Micro Combination pH Electrode (Lazar Research 
Laboratories, Inc., Los Angeles, California) inserted into the base of a flow-through 
chamber (20 pi). The P0 2  of inflowing humidified gas (lOOOsccm) was adjusted using a 
gas-mixing system (Model GF-3/MP, Cameron Instruments Company, Ontario) to 
control a mixture o f N 2  and room air. Hemolymph pH was determined after 10 minutes 
equilibration at 30, 4.0, 2.7, 1.3, 1.1, 0.8, 0.5 and 0 kPa O2 .
Isoforms
Hemolymph samples were analyzed by two-dimensional electrophoresis to determine 
whether tadpole shrimp could produce different isoforms of hemoglobin. Hemolymph 
samples (40 pi) from animals in each rearing group (n = 6  per rearing group) were 
dissolved in urea buffer (9.5M ultrapure urea, 2% w/v IGEPAL CA-630, 5% (3- 
mercaptoethanol, 2% ampholines (0.4% pH 3.5-10) (Sigma, St. Louis, Missouri)) and 
frozen at -70°C. Samples were analyzed at Kendrick Labs, Inc. (Madison, WI) using 
methods established by O’Farrell (1975). Isoelectric focusing was carried out in glass
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tubes o f inner diameter 2.0 mm using 2% pH 4-8 ampholines (BDH from Hoefer 
Scientific Instruments, San Francisco, CA) for 9,600 volt-hrs. Fifty ng o f an IFF internal 
standard (tropomyosin) was added to each sample. The enclosed tube gel pH gradient 
plot for this set of ampholines was determined with a surface pH electrode. After 
equilibration for 10 minutes in buffer (10% glycerol, 50 mM dithiothreitol, 2.3% SDS 
and 0.0625 M tris, pH 6.8), the tube gel was sealed to the top of a stacking gel overlaying 
a 10% aery 1 amide slab gel (0.75 mm thick). Sodium dodecyl sulphate (SDS) slab gel 
electrophoresis was carried out for about four hours at 12.5 m A g ef’. The slab gels were 
fixed overnight in a solution o f 10% acetic acid/50% methanol. The following proteins 
(Sigma Chemical Co., St. Louis, MO) were added as molecular weight standards to a 
well in the agarose that sealed the tube to the slab gel: myosin (220,000), phosphorylase 
A (94,000), catalase (60,000), actin (43,000), carbonic anhydrase (29,000) and lysozyme 
(14,000). The gels were special silver-stained and dried between sheets o f filter paper.
Oxygen-Carrying Capacity 
The 02-carrying capacity o f 20 pi o f 02-saturated hemolymph was determined for 
animals from each rearing group (n = 7 per rearing group) using methods o f Tucker 
(1967). Hemolymph was saturated by equilibration with 30 kPa O2 . A potassium 
ferricyanide solution (6 g potassium ferricyanide [K3 pe(CN)6 ], 3 g saponin (Sigma, St. 
Louis, Missouri) and 1 kg water) was added to a 10 ml glass syringe and degassed by 
plugging the syringe needle with a rubber stopper, pulling back gently on the plunger to 
create a yacuum and shaking. Extracted gas was expelled and the process was repeated a 
minimum of fiye times to ensure complete degassing. A microrespirometry chamber
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(400 pi) (Strathkelvin Instruments, Glasgow) with O2  electrode (Model 781 Strathkelvin 
oxygen meter, Strathkelvin Instruments, Glasgow) was filled with degassed potassium 
ferricyanide solution, plugged and stirred. After five minutes equilibration, the P 0 2  in the 
chamber was measured. The stopper was removed from the chamber and 20 pi 
hemolymph was injected into the chamber with the degassed potassium ferricyanide.
After five minutes equilibration, the P 0 2  in the chamber was determined. Hemolymph 
and degassed potassium ferricyanide solution were removed. Aerated potassium 
ferricyanide solution was added to the chamber, removed and added again. The chamber 
was left unplugged and the P0 2  determined after 20 minutes equilibration. The potassium 
ferricyanide solution was removed from the chamber and a solution o f sodium sulfite and 
sodium borate (1 mg sodium sulfite (Na2 S0 3 ) and 5 ml 0.01 M sodium borate (Na2 B 4 0 7 ) 
(Sigma, St. Louis, Missouri)) was added before the chamber was plugged again. After 
five minutes equilibration, the P0 2  of the chamber was determined. Hemolymph O2  
content (ml O2  lOOmf' hemolymph or Vol%) was calculated using the equation:
Oxygen Content = (AP0 2  760 m m '') x a  x V x (100 sample volume ') 
where, AP0 2  is the change in P0 2  after injecting the hemolymph into the degassed 
potassium ferricyanide solution, a  is the solubility coefficient o f O2  in the potassium 
ferricyanide solution, and V is the chamber volume (Tucker, 1967).
Oxygen Consumption/Oxygen Transport Coupling 
The amount o f coordination between O2  demand and delivery was determined by 
comparing the ratio o f V 0 2  to cardiovascular transport. The degree o f coupling was 
compared among rearing groups to determine the effects of developmental P0 2  on
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respiratory and cardiovascular system coordination. Indices of the relationship between 
V 0 2  and hemolymph O2  transport (Vy0 2 ) were calculated using the equation:
V 0 2  V b  0 2 " '= V 0 2  (V b  C 0 2 ) - '  
where, V 0 2  is oxygen consumption in pi O2  g '' hr ', C0 2  is oxygen content o f fully 
saturated hemolymph (pi O2  pi hemolymph"'), and Vb is cardiac output (pi g"' hr"') 
(Territo and Altimiras, 1998; Territo and Burggren, 1998). The ratio is unitless because 
V 0 2  and Vb0 2  were both expressed in pi O2  g"' hr"'. A value o f one suggests a strong 
coupling between O2  demand and convective transport. Values below one indicate that 
circulatory O2 transport capacity exceeds total V 0 2 . Values above one indicate that 
convective transport may limit O2  supply.
Oxygen-Delivery Potential 
Oxygen-delivery potential was calculated as the product of O2  content and cardiac 
output and reported in pi 0 2  min"' (Ronco et al., 1991). Calculations for the 
determination o f O2  content and cardiac output were previously described.
Statistical Analyses
All statistical analyses were run with SigmaStat 2.03 (SPSS Inc., Chicago, IL) unless 
otherwise specified. Results were presented as mean ± S.E.M. with statistical significance 
accepted at the level o f P  < 0.05. Multiple pairwise comparisons were made using 
Bonferroni t-tests when rearing effects were significant, unless otherwise specified. 
Metabolism: The strength of the relationship between activity level and P0 2  was 
measured using Pearson Product Moment Correlation. Comparisons of metabolic 
response to graded hypoxia were made among rearing groups using one-way repeated
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measures analysis o f variance (ANOVA). Comparison of lactate concentrations was 
made between normoxic and severe hypoxic rearing groups using a Student t-test. 
Ventilation: Comparison o f ventilatory amplitude and frequency among rearing groups 
were made using Kruskal-Wallis one-way ANOVA on ranks because data had unequal 
variance. Multiple pairwise comparisons were made using a Tukey test. Cardiac 
physiology: Comparisons o f heart rate, stroke volume and cardiac output to graded 
hypoxia were made among rearing groups using one-way repeated measures ANOVA. 
Hemoglobin: Comparisons o f hemoglobin concentration were made among rearing 
groups using one-way ANOVA. The hemoglobin concentration o f animals that had been 
switched from normoxic to severe hypoxic, and from severe hypoxic to normoxic 
conditions (after 5, 7, and 10 days), were analyzed using one-way repeated measures 
ANOVA. Comparison of the 0 2 -binding affinity o f hemoglobin from each rearing group 
was made using Friedman repeated measures ANOVA on ranks because o f unequal 
variance. Hemoglobin P 5 0  was compared among rearing groups using Kruskal-Wallis 
one-way ANOVA on ranks because data was not normally distributed. Multiple pairwise 
comparisons were made using a Tukey Test. Hemoglobin nn were compared among 
rearing groups using analysis o f covariance (StatView, 5.0.1, StatView Software, Cary, 
NC). Multiple pairwise comparisons were performed using a Scheffe test and StatView. 
Comparisons of hemolymph pH with P0 2  were made among rearing groups using one­
way repeated measures ANOVA. Oxygen-carrying capacity: Comparisons o f the 0 2 - 
carrying capacity o f hemolymph were made among rearing groups using Kruskal-Wallis 
one-way ANOVA on ranks because data did not have equal variance. Multiple pairwise
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comparisons were made using a Tukey test. Oxygen consumption/oxygen transport 
coupling: Comparisons o f the O2  consumption/oxygen transport coupling were made 
among rearing groups using one-way repeated measures ANOVA. Oxygen-delivery 
potential: Comparisons of the 0 2 -delivery potential o f hemolymph were made among 
rearing groups using Kruskal-Wallis one-way ANOVA on ranks because data had 
unequal variance. Multiple pairwise comparisons were made using a Tukey test.
Results
Metabolism
Animal activity was not correlated with P0 2  and therefore did not confound V 0 2  
measurements =  0 . 2 3 9 ;  P = 0 . 3 2 4 ) .  Developmental P 0 2  had no effect on metabolic 
rate or metabolic response to hypoxic exposure (Figure 7 )  { F -  3 . 6 9 6 ;  df=  3 ;P  = 0 . 0 6 2 ) .  
All groups gradually decreased V 0 2  down to a P c r i t  of 2  kPa O2  ( 6 9 1  ±  2 0  pi O2  g‘' hr"’ at 
normoxia to 2 7 4  ±  9  pi O2  g'' hr"' at 2  kPa O2  in normoxic animals; 7 1 4  ±  1 4  pi O2  g '' hr"' 
at normoxia to 2 7 7  ±  1 4  pi O2  g"' hr"' at 2  kPa O2  in moderate hypoxic animals; and 7 2 8  ±  
3 6  pi 0 2  g ' hr ' at normoxia to 2 5 3  ±  1 2  pi O2  g"' hr"' at 2  kPa O2  in severe hypoxic 
animals). Baseline lactate levels for animals reared under normoxic ( 2 . 9 7 1  ±  0 . 2 9  
mmol L"') and severe hypoxic ( 3 . 1 4 2  ± 0 . 3 3  mmol L"') conditions were not significantly 
different after 1 2  hours of severe hypoxic exposure ( 3 . 8 1 0  ±  0 . 4 5  mmol L"' and 3 . 3 0 4  ± 
0 . 5 9  mmol L"', respectively) (t = 0 . 6 8 2 ;  P = 0 . 5 1 5 ) .  No lactate was observed in the any 
of the water samples.
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Ventilation
Ventilation rates were highly variable in all rearing groups. Tadpole shrimp 
ventilation rates were not different among rearing groups {H= 12.746; d f = 2 \ P  = 0.891) 
and did not differ within groups in response to hypoxic exposure (13.3, 10 and 1 kPa O2 ) 
(Figure 8A). Ventilatory amplitude did not differ within groups in response to hypoxic 
exposure (Figure 8B) {H= 5.333; df=  11;/* = 0.145). However, ventilatory amplitudes 
at 1 kPa O2  were significantly different among the groups {H = 2.963; df=  11 ; P  =
0.054). Ventilatory amplitude was less in animals reared under severe hypoxic 
conditions when compared with animals reared under normoxic conditions but only at 1 
kPa O2  {q = 5.740; P < 0.05).
Cardiac Physiology
Heart rate response to hypoxic exposure was significantly different among the rearing 
groups (F  =3.239; J . /  = 11; P  = 0.0441). At low P0 2 , /h  decreased in tadpole shrimp 
reared under normoxic conditions from 281 ± 6 beats per minute (bpm) at 20 kPa O2  to 
226 ± 5 bpm at 2 kPa O2  (Figure 9A) {t = 14.963; P  < 0.001). Animals reared under 
moderate hypoxia also showed a significant decrease in /h , from 262 ± 11 bpm at 20 kPa 
O2  to 223 ± 8 bpm at 2 kPa O2  {t = 6.172; P  < 0.001). However, animals reared under 
severe hypoxic conditions did not exhibit a change in /h  with decreased P0 2  (275 ± 9 
bpm at 20 kPa O2  to 238 ± 10 bpm at 2 kPa O2 ) (/ = 1.942; P  = 1.000). Tadpole shrimp 
reared under normoxic (0.23 ± 0.01 pi beat'') and moderate hypoxic conditions (0.28 ± 
0.01 pi beat'') had significant differences in Vs at 10 kPa O2  (Figure 9B) {t = 9.267; P  <
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0.001). Those reared under normoxic conditions decreased Vs; whereas, those reared 
under moderate hypoxic conditions increased Vs in response to severe hypoxic exposure. 
Yet neither hypoxic response was statistically significant due to the high variability of 
Vs. Mean standard deviation was greater than the hypoxic response. Cardiac output was 
maintained in animals reared under severe hypoxic conditions down to 2 kPa 0% (Figure 
9C) (r = 11.947; P < 0.001). However, animals reared under moderate hypoxic 
conditions decreased Vb from 64 ± 6 pl min ' at 20 kPa O2  to 53 ± 2 pl min ' at 2 kPa O2  
(r = 4.527; P < 0.001) and animals reared under normoxic conditions decreased Vb from 
67 ± 4 pl min ' at 20 kPa O2  to 59 ± 3 pl min'' at 2 kPa O2  {t = 4.632; P < 0.001).
Hemoglobin
Concentration
Hemoglobin concentrations were dependent on rearing P0 2  (F =  14.744; d.f. = 2 ; P  < 
0.001) and altered by chronic hypoxic exposure (F =  6.362; d. f  - 1 \ P  = 0.008). Animals 
reared under normoxic (9.6 ± 0. 7 pg p f ')  {t = 7.532; P < 0.001) and moderate hypoxic 
(2.8 ± 1.4 pg p f ')  (r = 12.471; P  < 0.001) conditions had significantly less protein 
(hemoglobin) than those reared under severe hypoxic (19.8+ 0.9 pg p f ')  conditions 
(Figure 10). Hemoglobin concentrations in tadpole shrimp reared under normoxic 
conditions and transferred to severe hypoxic conditions increased after 7 days {t =
14.538; P  < 0.001) (Figure 11). The levels after ten days of severe hypoxic exposure 
were not significantly different from animals that had been reared under severe hypoxic 
conditions {t = 0.492; P  = 0.081). Adult tadpole shrimp reared under severe hypoxic
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conditions and switched to normoxic conditions did not decrease the amount of 
hemoglobin in their hemolymph for the 10 days investigated (t = 0.746; P = 0.074).
Oxygen-Binding Affinity 
The 02-binding affinity of hemoglobin was dependent on developmental P0 2 . 
Hemoglobin 02-binding affinity in animals reared under normoxic conditions was less 
than those reared under severe hypoxic conditions {q = 26.947; P < 0.05) but not different 
from animals reared under moderate hypoxic conditions (^ = 1.182; P  = 0.116) (Figure 
12). Hemoglobin cooperativity was significantly different among rearing groups {F -  
21.622; d f - 2 \ P  < 0.001) (Figure 13). Animals reared under normoxic conditions 
exhibited more cooperativity among hemoglobin subunits than those reared under 
moderate (P < 0.001) and severe hypoxic (P < 0.001) conditions. The P 5 0  and 
cooperativity values for hemoglobin from each rearing group were given in Table 3.
Isoforms
Two-dimensional analysis of hemolymph samples was inconclusive. Gel resolution 
was not sufficient for the identification of specific hemoglobin isoforms among rearing 
groups.
Oxygen-Carrying Capacity 
Tadpole shrimp 02-carrying capacity was dependent on developmental P0 2  {H = 
19.371; d f=  2; P  < 0.001) (Table 3). Animals reared under severe hypoxic conditions 
had 5.2 times the 02-carrying capacity of those reared under normoxic conditions {q = 
2.74; P  < 0.05).
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Oxygen Consumption/Oxygen Transport Coupling 
The ratio of V 0 2  Vb 0 2 ’' was dependent on developmental P0 2  {F = AS.1\%-, d f=  11 ; P  
< 0.001). Oxygen consumption/transport ratio was significantly higher (consistently 
above 1) in animals reared under normoxic conditions relative to those reared under 
moderate {t = 17.369; P  < 0.001) or severe hypoxic conditions (r = 12.883; P  < 0.001) 
(Figure 14). Ambient P0 2  significantly affected V 0 2  Vb 0 2 ’' in animals reared under 
normoxic (P =  136.754; df=  3; P  < 0.001) and moderate hypoxic conditions (P =  19.655; 
df=3;  P < 0.001). Animals reared under moderate hypoxic conditions had a near 
coupling (1.18) of O2  demand to cardiovascular supply at 20 kPa O2 that decreased 
significantly with severe hypoxic exposure (2 kPa O2 ) {t = 8.633; P  < 0.001). Animals 
reared under severe hypoxic conditions maintained V 0 2  Vb 0 2 ’' below 1 at each P 0 2  
investigated (P =  0.681; df=  3; P  =0.097).
Oxygen-Delivery Potential 
Maximal 02-delivery potential for tadpole shrimp was dependent on developmental 
P0 2  { H -  23.371; d f -  2; P  < 0.001). Oxygen-delivery potential was significantly lower 
in animals reared under normoxic conditions (274 pi O2  min"') relative to animals reared 
under severe hypoxia (1336 pi O2  m in'') {q = 4.167; P  < 0.05) (Table 3).
Discussion
Metabolism
The ability to regulate V0 2  may be related to the frequency and duration o f hypoxic 
exposure an animal typically encounters in its habitat (Chen et al., 2001). Tadpole
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shrimp inhabit euryoxic environments that can fluctuate daily by more than 26.7 kPa O2  
or remain almost anoxic (<1.3 kPa O2 ) for months (Horae and Beyenbach, 1971; 
Scholnick, 1995). In addition, they vertically migrate from severely hypoxic (2 kPa O2 ) 
sediments to hyperoxic (32 kPa O2 ) surface water in a relatively short period of time 
(Scholnick and Snyder, 1996, Appendix I). Tadpole shrimp did not tightly regulate V 0 2  
when P0 2  decreased (Figure 7). Instead, tadpole shrimp appear to couple O2  demand with 
O2  supply. Oxygen conformation to environmental P0 2  should be energetically favorable 
for organisms frequently exposed to hypoxic conditions on many temporal and spatial 
scales (Chen et al., 2001).
Sensitivity to hypoxic exposure may be altered in animals exposed to hypoxic 
conditions throughout development due to ontogenetic changes in physiological 
capabilities and metabolic demand (Schulte, 2001). Adult animals that develop under 
hypoxic conditions often have decreased metabolic rates and decreased hypoxic 
sensitivity relative to animals that develop under normoxic conditions (Pichavant et al., 
2001; Sokolova and Fortner, 2001; Cech and Crocker, 2002; Chapman et al., 2002; 
Hammond et al., 2002). Yet developmental P 0 2  did not affect adult tadpole shrimp 
metabolic rate or metabolic response to acute hypoxic exposure. Tadpole shrimp that 
develop under hypoxic conditions must balance immediate O2  demand with long-term 
requirements for completing their life cycle within 30-40 days (Horae and Beyenbach, 
1971). Therefore, transient decreases in V 0 2  in response to ambient changes in P0 2  may 
be more beneficial than permanent decreases in V 0 2  that could ultimately limit growth 
and development.
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Anaerobic metabolism can be used to supplement aerobic metabolism and decrease 
sensitivity to hypoxic exposure in many aquatic organisms (Truchot, 1980; Childress and 
Seibel, 1998). Tadpole shrimp do not appear to utilize anaerobic metabolic pathways that 
end in lactic acid production. Hemolymph lactate levels did not increase after 12 hours 
of severe hypoxic exposure (1.3 kPa O2 ). However, tadpole shrimp may use other 
anaerobic pathways that were not investigated by the current study (i.e. pathways ending 
in the formation o f pyruvate, urate, valeric acid or alanine).
Ventilation
Organisms from a variety of phyla, including crustaceans (Hervant et al., 1995), birds 
(Faraci, 1991; Maina, 2000), bats (Maina, 2000), humans (Gozal and Gozal, 2001; 
Hoppeler and Vogt, 2001), mussels (Chen et al., 2001), fish (Galis and Barel, 1980; Cech 
and Crocker, 2002) and toads (Hou and Huang, 1999), increase ventilation rate and/or 
volume in response to acute hypoxic exposure. Tadpole shrimp apparently lack this 
typical ventilatory response (Figure 8). Ventilation rates did not increase in response to 
hypoxic exposure down to 1 kPa O2 . Further, developmental P 0 2  did not affect 
ventilation rates under normoxic conditions or in response to hypoxic exposure. Tadpole 
shrimp appendages are used for locomotion and the generation o f feeding currents, in 
addition to respiratory gas exchange (Fryer, 1988). If  ventilatory rates were increased in 
response to hypoxic exposure, it could cause the tadpole shrimp to swim faster and/or 
may alter the currents used for food collection. Typical ventilatory hypoxic responses 
may be lacking because those alterations may have adverse effects on locomotion and 
feeding.
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Ventilatory amplitude was used in this study as an index of ventilation volume. 
Ventilatory amplitude did not increase in response to hypoxic exposure in any o f the 
rearing groups. Below P c r i t ,  amplitude was lowest in tadpole shrimp reared under severe 
hypoxic conditions but was not significantly different fi-om amplitude under normoxic 
conditions. Lower ventilatory amplitude in animals reared under severe hypoxic 
conditions may result from direct effects o f O2  limitation on the respiratory appendage 
movement or may be a strategy to minimize metabolic demand under severe hypoxic 
conditions (Maina, 2000). Additionally, alterations in the angle o f the appendages could 
account for ventilatory volume changes without observed changes in amplitude.
Cardiac Physiology
Tadpole shrimp cardiovascular responses to hypoxic exposure follow a unique pattern 
unlike that documented for other crustaceans (McMahon, 2001). In most crustaceans, 
acute hypoxic exposure results in a decrease in /h  (bradycardia) and concomitant 
increase in Vs to maintain or increase Vb (Reiber, 1995; McMahon, 2001). Smaller 
crustaceans, such as water fleas (Daphnia magna) (Paul et al., 1998) and grass shrimp 
(Palaemonetes pugio) (Harper and Reiber, 1999), increase /h  (tachycardia) to maintain 
Vb in response to hypoxic exposure. In tadpole shrimp, however, cardiac function 
appears to be highly insensitive to hypoxic exposure (Figure 9). Those animals reared 
under normoxic and moderate hypoxic conditions did not change / h  or Vs when exposed 
to 5 kPa O2 . Below this, a bradycardia was observed and resulted in decreased Vb. All 
cardiac parameters were maintained down to 1 kPa O2  in tadpole shrimp reared under 
severe hypoxic conditions.
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The difference between the cardiac response of tadpole shrimp and other crustaceans 
may result from differences in mechanisms of cardiac regulation. The heartbeat of many 
crustaceans is regulated through periodic bursting activity of cardiac ganglion, excitatory 
neurons that innervate the myocardium (Yamagishi et al., 2000). Hypoxic-induced 
bradycardia in those crustaceans may be mediated by a direct effect o f lack o f O2  to the 
cardiac ganglion (Wilkens et al., 1996). Tadpole shrimp hearts have a myogenic 
mechanism of regulation whereby the cardiac muscle has endogenous rhythmic 
properties and does not rely on neural impulses to contract (Yamagishi et al., 1997; 
Yamagishi et al., 2000). The heart o f tadpole shrimp does not respond to hypoxic 
exposure in the typical compensatory manner observed in other crustaceans. Myogenic 
regulation apparently supports cardiac function over a wide range o f Po2 ’s, including 
exposure to severe hypoxic conditions.
Hemoglobin
Hemoglobin concentrations obtained in this study were comparable to previously 
reported concentrations for Triops (Home and Beyenbach, 1974; Scholnick and Snyder, 
1996). Hemoglobin concentration was higher in animals that developed under severe 
hypoxic conditions, yet was not proportional to developmental P0 2  (Figure 10). Animals 
reared under moderate hypoxic conditions produced less hemoglobin than animals reared 
under either normoxic or severe hypoxic conditions. Moderate hypoxic conditions may 
represent the level o f P 0 2  in which O2  uptake is sufficient to meet metabolic demand. 
Alternatively, it may represent genetic up- or down-regulation o f hypoxic inducible 
genes.
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Hypoxia-induced hemoglobin synthesis appears to be a compensatory response that 
allows T. longicaudatus and other several other branchiopods to regulate O2  uptake and 
transport in their euryoxic habitats. Hypoxic exposure (4-5 kPa O2 ) induced more than a 
tenfold increase in hemoglobin concentration within ten days in adult D. magna 
(Goldmann et al., 1999) and a threefold increase within three weeks in adult brine shrimp 
{Anemia salina) (Gilchrist, 1954). Hypoxic exposure (1-3 kPa O2 ) induced a significant 
increase in hemoglobin concentrations within seven days in adult T. longicaudatus 
(Figure 14). Further, hemoglobin concentrations increased to the levels observed in 
tadpole shrimp reared under severe hypoxic conditions within ten days. The induction of 
hemoglobin synthesis observed in T. longicaudatus was greater than the induction 
observed in A. salina but less than D. magna. These results indicate that tadpole shrimp 
exposed to variable environmental P 0 2  acclimate by varying hemoglobin concentration.
Hemoglobin 02-binding affinity was enhanced (decreased P 5 0 ) in tadpole shrimp 
reared under severe hypoxic conditions relative to those reared under normoxic 
conditions (Figure 12). One hypothesis explaining the alteration in hemoglobin 02- 
binding affinity is that the differences resulted from a Bohr shift or the binding of 
cofactors (i.e. calcium, magnesium, organic phosphates or allosteric modifiers) (Torracca 
et al., 1976; Frey et al., 1998). Tadpole shrimp hemolymph pH was not significantly 
affected by changes in P 0 2 ; therefore, a Bohr shift was not responsible for the change in 
0 2 -binding affinity. Modifiers such as calcium and magnesium have been reported to 
alter hemoglobin 0 2 -binding affinity in tadpole shrimp, but only at levels well above 
physiological relevance (Home and Beyenbach, 1974).
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Another hypothesis is that differences in Oz-binding affinity resulted tfom changes in 
subunit assembly of the functional hemoglobin molecule. This has been observed in 
other branchiopods such as D. magna and A. salina (Bowen et al., 1969; Waring et al., 
1970; Sugano and Hoshi, 1971; Help et al., 1978; Kobayashi et al., 1988; Goldmarm et 
al., 1999). Specific assembly of hemoglobin subunits could be dependent on 
environmental P0 2 , internal chemistry or protein concentration (Sugano and Hoshi, 1971; 
Kobayashi et al., 1988; Fago and Weber, 1995; Goldmann et al., 1999). Since each 
subunit differs in 0 2 -binding affinity and cooperativity, changes in assembly directly 
affect 02-binding affinity o f the functional hemoglobin molecule (Kobayashi et al.,
1988). The observed differences in hemoglobin 02-binding affinity and cooperativity 
support the hypothesis that P0 2  may induce different hemoglobin isoforms or differential 
subunit assembly in T  longicaudatus (Figures 12 and 13). Further investigation o f the 
molecular nature o f T. longicaudatus hemoglobin is necessary to test this hypothesis.
Oxygen-Carrying Capacity 
Tadpole shrimp reared under severe hypoxic conditions appear to have an enhanced 
ability to transport and possibly store O2  obtained from the environment due to their 
increased 02-carrying capacity (Table 3). Tadpole shrimp reared under severe hypoxic 
conditions had a fivefold increase in hemolymph 0 2 -carrying capacity compared to those 
reared under normoxic conditions. Increased hemolymph 02-carrying capacity resulted 
from increased hemoglobin concentration and 0 2 -binding affinity observed in those 
animals. Hemoglobin with high 02-carrying capacity can often serve a storage function 
(Fago and Weber, 1995). Tadpole shrimp frequently surface and expose their respiratory
R eproduced  with perm ission of the copyright owner. Further reproduction prohibited without perm ission.
8 0
appendages to the air-water interface. Tadpole shrimp may obtain and store O2  from the 
higher P 0 2  surface water for use during feeding and hunting in severely hypoxic regions 
o f the pool. Surfacing behavior has been shown to increase with decreased P 0 2  further 
supporting a storage function o f tadpole shrimp hemoglobin (Scholnick and Snyder,
1996).
Oxygen Consumption/Oxygen Transport Coupling 
The coupling of V 0 2  with cardiovascular transport reveals the level of coordination in 
tissue O2  demand relative to O2  delivery (Territo and Burggren, 1998). In tadpole shrimp, 
differences observed among the rearing groups in cardiovascular contribution were due to 
increased hemoglobin concentration and 0 2 -binding affinity since there was no observed 
cardiovascular hypoxic response. Oxygen consumption of tadpole shrimp reared under 
normoxic conditions was not as dependent on cardiovascular transport as it was in 
tadpole shrimp reared under hypoxic conditions (Figure 14). The coupling o f V 0 2  with 
transport was consistently above 1 in tadpole shrimp reared under normoxic conditions; 
however, V 0 2  V y  0 2 ' '  decreased in response to hypoxic exposure. This reduction 
suggests that V 0 2  was reduced relative to cardiac output since (1) cardiac output did not 
increase in response to hypoxic exposure and (2) hemoglobin levels remain constant 
during acute hypoxic exposure. Animals reared under normoxic conditions increased 
convective processes to supply O2  demands when exposed to severe hypoxic conditions.
Cardiovascular contribution to O2  delivery was greatest in animals reared under severe 
hypoxic conditions. Oxygen delivery was enhanced in those animals via increased 
hemoglobin concentration and 02-binding affinity. The increased O2  delivery to the
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aerobic, metabolically active heart muscle may have supported cardiac contraction at 
normoxic rates under hypoxic conditions. Tadpole shrimp reared under severe hypoxic 
conditions maintained /h  and Vy when exposed to severe hypoxic conditions while the 
other rearing groups did not. It was concluded that as tadpole shrimp produce more 
hemoglobin, they increase O2  delivery relative to O2  supply and enhance cardiac function 
during hypoxic exposure.
Oxygen-Delivery Potential 
Oxygen-delivery potential, which takes into account hemolymph O2  content and Vy, 
appears to be dependent on developmental P 0 2 . Maximal 02-delivery potential for 
tadpole shrimp was lowest in animals reared under normoxic conditions and highest in 
those reared under severe hypoxic conditions (Table 3). However, this was not a direct 
effect o f developmental environment since hemoglobin synthesis could be altered 
throughout the life o f the animal. Adult tadpole shrimp reared under normoxic conditions 
significantly increased hemoglobin concentrations in response to severe hypoxic 
exposure. However, the 02-binding affinities of that hemoglobin are not currently 
known. If  tadpole shrimp just produce more of the same hemoglobin, then the 02- 
binding affinities may be similar to those reared under normoxic conditions.
Alternatively, if  different hemoglobin isoforms or differential assembly o f subunits is 
directed by ambient P 0 2 , then the 02-binding affinity o f hemoglobin would be more 
similar to those reared under severe hypoxic conditions.
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Conclusions
Developmental P 0 2  may not be sufficient to induce permanent changes in adult 
tadpole shrimp physiological capabilities. Metabolic rate, ventilatory rate, and metabolic 
response to acute hypoxic exposure were independent o f developmental P 0 2  Differences 
observed among the rearing groups in cardiac response to hypoxic exposure were likely 
due to compensatory increases in hemoglobin concentration and 0 2 -binding affinity 
rather than developmental differences. Based on the results o f this study, hypoxic- 
induced hemoglobin synthesis represents an effective compensatory mechanism that 
allows tadpole shrimp to flexibly regulate O2  uptake and transport under euryoxic 
conditions. Differences that result from increased hemoglobin concentration should not 
be considered developmental effects until it is shown that: 1) hemoglobin type or subunit 
arrangement is dependent on developmental P 0 2  and not directed by ambient P 0 2  during 
hemoglobin synthesis or 2) hypoxic inducible genes were switched on during 
development and continually expressed in the adult even if  the animal is exposed to 
normoxic conditions.
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Table 3 Partial pressures o f O2  required to half-saturate hemoglobin (Hb P 5 0 ), 
cooperativities o f hemoglobin subunits (Hb nn), hemolymph 02-carrying capacities and 
delivery potentials for tadpole shrimp reared under different P0 2 .
Developmental P0 2  
(kPa O2 )
HbPso 
(kPa O2 ) Hb UH
Oxygen Carrying 
Capacity 
(ml 02 100ml ')
Delivery 
Potential 
(pi O2  min"')
Normoxic (19-21) 1.14 4.5 4.1 ±0 .6 274
Moderate Hypoxic (10-13) 0.83 2.7* 8.3 ± 1.0 529
Severe Hypoxic (1-3) 0.5* 1.4* 19.4 ±  1.6* 1336*
Statistics: significance at the level of P  < 0.05, * indicates significant 
difference from animals reared under normoxic conditions
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Figure 7. Mass-specific O2  consumption for tadpole shrimp reared under normoxic (19- 
21 kPa O2 , white circles), moderate (10-13 kPa O2 , gray circles) or severe hypoxic (1-3 
kPa O2 , black circles) conditions exposed to progressive hypoxia. Values were shown as 
mean + S.E.M., n>7. In some cases, the error bars were smaller than the symbols.
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Figure 8. A) Ventilatory rate measured as the beats per minute of respiratory appendages
and B) ventilatory amplitude measured as the mean maximal distance between the 4*'’ and 
S*’’ appendages during five consecutive ventilatory strokes. Tadpole shrimp reared under 
normoxic (19-21 kPa O2 , white circles), moderately hypoxic (10-13 kPa O2 , gray circles) 
or severe hypoxic (1-3 kPa O2 , black circles) conditions were exposed to four 
environmental Po2 ’s (20, 13.3, 10 and 1 kPa O2 ). Values were shown as mean + S.E.M., 
n>13. Statistics: significance at the level o f P  < 0.05, * indicates significant difference 
from control animals at same P0 2 .
R eproduced  with perm ission of the copyright owner. Further reproduction prohibited without perm ission.
86
c 290
s 280
3s 270
S 260
250
240
Pi 230
ta 220« 210
0.30
« 0.29u
X I 0.28
0.27
V
E 0.26s 0.25
> 0.24
0.23
2 0.22-w
C 80
s 75
3 70
-w
S
a 65-w
S 60
0
U 55
. s
-5 50k.R
u 45
6 8 10 12 14
W ater Poj (kPa Oj)
Figure 9. A) Heart rate, B) stroke volume and C) cardiac output o f tadpole shrimp 
reared under normoxic (19-21 kPa O2 , white circles), moderate hypoxic (10-13 kPa O2 , 
gray circles) or severe hypoxic (1-3 kPa O2 , black circles) exposed to normoxic (20 kPa 
O2 ) and hypoxic (10, 5 and 2 kPa O2 ) conditions. Values were shown as mean + S.E.M., 
n>13. Statistics: significance at the level o f P <  0.05, (a) indicates significant difference 
from control animals at same P0 2 , (b) indicates significant difference from the same 
animal at preceding P0 2  and (c) indicates significant difference from the same animals at 
20 kPa O2 .
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Figure 10. Hemoglobin concentrations of tadpole shrimp reared under normoxic (19-21 
kPa O2 ), moderate (10-13 kPa O2 ) or severe hypoxic (1-3 kPa O2 ) conditions. Values 
were shown as mean + S.E.M., n>10. Statistics: significance at the level of P  < 0.05, * 
indicates significant difference from control (normoxic) animals.
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Figure 11. Hemoglobin concentrations o f tadpole shrimp reared under normoxic (19-21 
kPa O2 ) (white bars) conditions and then switched as adults to severe hypoxic (1-3 kPa 
O2 ) conditions for 5, 7 or 10 days. Black bars indicate animals reared under severe 
hypoxic conditions and switched as adults to normoxic conditions for 5, 7 or 10 days. 
Day 0 is prior to switch. Values were shown as mean + S.E.M., n>7. Statistics; 
significance at the level o f f  < 0.05, (a) indicates significant difference from normoxic 
animals at the same day and (b) indicates significant difference within rearing groups 
from the values at day 0.
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Figure 12. Oxygen binding o f hemoglobin from tadpole shrimp reared under normoxic 
(19-21 kPa O2 , white circles), moderate (10-13 kPa O2 , gray circles) and severe hypoxic 
(1-3 kPa O2 , black circles) conditions at 25°C. The partial pressures o f O2  required to 
half-saturate hemoglobin ( P 5 0 )  were given in Table 2 . Values were shown as mean + 
S.E.M., n>7.
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Figure 13. Hill plot o f hemoglobin for tadpole shrimp reared under normoxic (19-21 kPa 
O2 , white circles), moderate (10-13 kPa O2 , gray circles) and severe hypoxic (1-3 kPa O2 , 
black circles) conditions. Maximal slope for each rearing group represented by 
regression line. Cooperativities (n#) for each group were given in Table 2. Values were 
shown as mean + S.E.M., n>7. In some cases, the error bars were smaller than the 
symbols.
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Figure 14. Changes in O2  consumption/transport ratio with P0 2  for tadpole shrimp reared 
under normoxic (19-21 kPa O2 , white circles), moderate (10-13 kPa O2 , gray circles) or 
severe hypoxic (1-3 kPa O2 , black circles) conditions. Values were shown as mean + 
S.E.M., n>7. Statistics: significance at the level o f f  < 0.05, (a) indicates significant 
difference from control animals at same P0 2 , (b) indicates significant difference from the 
same animal at previous P 0 2  and (c) indicates significant difference from the same 
animals at 20 kPa O2 .
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CHAPTER 5
CONCLUSIONS AND FUTURE DIRECTIONS
Stress during development, such as hypoxic exposure, has the potential to influence 
adult morphology, physiological capabilities and define regulatory limits (Schulte, 2001). 
In the current study, tadpole shrimp {Triops longicaudatus) were reared under normoxic 
(19-21 kPa O2 ), moderate (10-13 kPa O2 ) or severe (1-3 kPa O2 ) hypoxic conditions to 
investigate the influence of developmental oxygen partial pressure (P0 2 ) on growth and 
development of respiratory structures (epipodite surface area). The effects of 
developmental P0 2  on adult metabolic, respiratory and cardiovascular physiology were 
also investigated.
Hypoxic exposure throughout development altered adult tadpole shrimp morphology 
(decreased epipodite surface area) and limited growth (Chapter 2 and 3). Scholnick 
(1995) proposed that hypoxic exposure during development might have fitness 
consequences for tadpole shrimp (Scholnick, 1995). Tadpole shrimp reared under severe 
hypoxic conditions may have reduced lifetime cyst production because o f their reduced 
size, in addition to direct influences o f P 0 2  on cyst production. Larger female tadpole 
shrimp (like those reared under normoxic conditions) produce more cysts than smaller 
ones (like those reared under hypoxic conditions) (Scholnick, 1995). Additionally,
92
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change in ambient P 0 2  of 1.3-kPa O2  result in a difference in cyst production o f 30 cysts 
during a 22-day season (Scholnick, 1995). Therefore, tadpole shrimp reared under 
normoxic conditions may produce more cysts in a season than those reared under severe 
hypoxic conditions.
Tadpole shrimp reared under hypoxic conditions did not increase epipodite surface 
area as would have been predicted to enhance O2  diffusion from the environment into the 
animal. Instead, surface area was significantly reduced in adult tadpole shrimp reared 
under hypoxic conditions. Tadpole shrimp reared under severe hypoxic conditions also 
had significantly reduced allometric relationships o f epipodite (respiratory) surface area 
when compared to those reared under normoxic conditions (Chapter 2). Although this 
relationship was reduced relative to the other rearing groups, allometric relationships o f 
respiratory surface area in tadpole shrimp exceeded those reported for other organisms.
As most animals grow, respiratory surface area decreases in proportion to body mass. 
However, tadpole shrimp respiratory surface area increased in proportion to body mass, 
even in those animals reared under severe hypoxic conditions.
The reduction in epipodite surface area in tadpole shrimp reared under severe hypoxic 
conditions may result from direct effects of O2  limitation on anabolism and the 
production o f larger appendages (Garrett and Grisham, 1995). Additionally, epipodite 
surface area differences may result from changes in the ultrastructure o f the epipodites 
that were not revealed in the current study. Finally, it is possible that epipodites do not 
serve a respiratory function. Although the epipodites of branchiopods have been 
implicated in respiratory gas exchange by numerous authors, these assumptions have not 
been tested empirically (Fryer, 1988; Home and Beyenbach, 1971; Scott and Grigarick,
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1978; Eriksen and Brown, 1980a; Eriksen and Brown, 1980b; Eriksen and Brown,
1980c; Scholnick, 1995).
Physiological Effects o f Hypoxic Exposure
Tadpole shrimp reared under severe hypoxic conditions had O2  consumption rates 
(V0 2 ) equivalent to those reared under normoxic conditions despite the reduction in 
epipodite surface area (Chapter 4). This supports the idea that perhaps the epipodites 
may not function in respiratory gas exchange or may not be the only site for gas 
exchange. Tadpole shrimp did not appear to make long-term metabolic adjustments to 
chronic hypoxic exposure. Instead, V 0 2  decreased when ambient P0 2  decreased. Tadpole 
shrimp were considered to be ‘oxygen conformers’ because they did not tightly regulate 
V 0 2  when environmental P0 2  changed. Regulation o f V0 2  in a euryoxic (O2  varible) 
environment would entail frequent physiological responses to changes in P 0 2  that could 
potentially cost the animal through the redirection of energy from growth or 
reproduction.
Unlike many other crustaceans, tadpole shrimp did not have a ventilatory or cardiac 
component to their hypoxic response (Chapter 4). Typically, ventilatory and convective 
processes that enhance O2  uptake and delivery are increased in response to hypoxic 
exposure (McMahon, 1988; Hervant et al., 1995; Willmer et al., 2000; Boutilier, 2001; 
Hochachka and Lutz, 2001 ; Hopkins and Powell, 2001). Tadpole shrimp ventilation rate 
and amplitude did not change in response to hypoxic exposure. Heart rate, stroke volume 
and cardiac output were also independent o f water P 0 2  down to 5 kPa O2 . Tadpole 
shrimp reared under moderate hypoxic or normoxic conditions significantly decreased
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heart rate and cardiac output when water P0 2  was further decreased to 2 kPa O2 ; 
whereas, animals reared under severe hypoxic conditions maintained those cardiac 
parameters.
Significance o f Environmentally-Induced Hemoglobin Synthesis 
All differences observed among the rearing groups in physiological evaluations can be 
attributed to differences observed in hemoglobin concentration and 0 2 -binding affinity 
(Chapter 4). Differences among the rearing groups that were dependent on hemoglobin 
were not considered to be developmental effects since adult tadpole shrimp could 
significantly increase hemoglobin concentration within seven days o f hypoxic exposure 
independent o f developmental P 0 2 .  Hemoglobin 02-binding affinity was enhanced 
(decreased P 5 0 )  in tadpole shrimp reared under severe hypoxic conditions. Increased 02- 
binding affinity increases the diffusion gradient for O2  across the respiratory epithelia, 
which should increase O2  uptake from hypoxic environments. Tadpole shrimp 
hemolymph 0 2 -carrying capacity was increased (by fivefold) in tadpole shrimp reared 
under severe hypoxic conditions. This enhancement was derived from increased 
hemoglobin concentration and 02-binding affinity observed in those animals. Hypoxic- 
induced hemoglobin synthesis represents an effective compensatory mechanism to 
regulate O2  uptake and transport under euryoxic conditions. Enhanced O2  supply and 
delivery in conjunction with transient decreases in metabolic demand appear to be the 
basis for tadpole shrimp hypoxic tolerance.
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Future Directions
The function of the epipodites in respiratory gas exchange should be evaluated more 
extensively. The current study has shown that the epipodite size decreased in response to 
developmental hypoxic exposure, yet this had no effect on V0 2  abilities. In comparison 
to trout gills, reduction in gill surface area o f 30% did not affect V 0 2  rates (Wells and 
Wells, 1984). Only maximal rates of V 0 2  (Vo2 max) were limited by the reduction in 
surface area for gas exchange (Wells and Wells, 1984). Maximal V 0 2  was not assessed 
in tadpole shrimp. The respiratory function of the epipodites could be established if 
Vo2 max Were reduced in tadpole shrimp with smaller epipodites. It was determined that 
the epipodites apparently do not limit standard V 0 2  in tadpole shrimp, as had been 
suggested by Scholnick (1995). Smaller epipodites may be sufficient for O2  diffusion 
into tadpole shrimp or there may be other areas o f respiratory gas exchange that 
supplement O2  supply.
The molecular mechanisms of hypoxic-induced hemoglobin synthesis could be 
investigated using tadpole shrimp. Physiological differences among rearing groups that 
may have resulted from increased hemoglobin concentration should not be considered 
developmental effects unless it is shown that: 1) hemoglobin type or subunit arrangement 
is dependent on developmental P0 2  and not directed by ambient P0 2  during hemoglobin 
synthesis or 2) hypoxic inducible genes were switched on during development and 
continually expressed in the adult even if  the animal is exposed to normoxic conditions. 
Tadpole shrimp reared under moderate hypoxic conditions produced significantly less 
hemoglobin than animals reared under either normoxic or severely hypoxic conditions 
(Chapter 4). Moderate hypoxia may represent a P 0 2  at which O2  uptake can be
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maintained effectively or may represent the genetic up- or down-regulation o f hypoxia- 
inducible genes. Further investigation o f tadpole shrimp hemoglobin is needed to fully 
characterize the molecular nature of the protein and determine the basis for the 
differences in 0 2 -binding affinity in the functional molecule.
The interaction of behavioral thermoregulation and its impact on physiological 
responses to hypoxic exposure also requires further investigation. Oxygen availability is 
a major, but not the only, influence on hemoglobin synthesis. Factors such as 
temperature, metabolic demand, energy costs and visual predation may also play a role in 
regulating hemoglobin production (Engle, 1985). Temperature has direct effects on 
animal metabolic rates and P0 2  in aquatic environments (Engle, 1985). Increased 
temperature increases metabolic rate and decreases the capacity of water to hold O2 , 
thereby increasing O2  demand while decreasing O2  supply. As the metabolic demands of 
an organism increase or as water P 0 2  is decreased, the need for supplemental O2  supply 
increases until the induction o f hemoglobin synthesis occurs. The degree to which 
behavior can mitigate the need for hemoglobin induction should be investigated more 
thoroughly.
While the anaerobic capabilities o f D. magna and Artemia salina have been 
established, the capability of T. longicaudatus to utilize anaerobic metabolic pathways 
needs to be investigated further. Tadpole shrimp hemolymph lactate levels do not 
increase after 12 hours o f hypoxic exposure (Chapter 4). However, this may not be 
sufficient evidence to rule out anaerobic metabolism in the tadpole shrimp. Many 
anaerobic metabolic pathways do not end in lactic acid production but instead produce
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byproducts such as pyruvate, urate, valeric acid or alanine (Hervant et al., 1996). The 
possibility that tadpole shrimp possess anaerobic capabilities should be re-evaluated.
Branchiopods offer researchers an alternative to model organisms. Their use in 
research may be more appropriate when addressing questions of stress tolerance and 
developmental plasticity. Characteristics o f branchiopod crustaceans, such as their short 
life cycle, species that reproduce both sexually and asexually, coupled with their survival 
in extreme habitats and worldwide distribution make integrative research on branchiopod 
physiology, ecology and evolution very attractive.
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APPENDIX I
BROWNSTONE BASIN EPHEMERAL POOL 
Water temperature and O2  partial pressure (P0 2 ) profiles were determined for the rock 
pool in Brownstone Basin (12.7 km west o f Las Vegas, Nevada, 1425 m elevation, 
36.2500°N, -115.3750°W) when tadpole shrimp were present. Water temperature and 
P 0 2  were measured (Model 810 Orion Dissolved Oxygen Meter, Orion Research, Boston, 
MA) on two separate dates (rain filled pool on 8 July 1999 and field data was collected 
on 15 July 1999 and 2 August 1999). Measurements were recorded 20 cm below the 
surface (epilimnion) and 20 cm above the sediments (hypolimnion) on each of those 
dates for a minimum of 24 hours.
Epi- and hypolimnetic water temperature started to increase at 08:00. Epilimnetic 
water temperature increased by 1.5°C h o u f’ after warming began. Hypolimnetic water 
took 2.5 hours for the same increase in temperature. Epilimnetic waters achieved a 
higher daytime temperature (31.7°C) than the hypolimnetic water (24.8°C). Oxygen 
concentrations of epilimnetic and hypolimnetic waters followed different temporal 
patterns. The P 0 2  o f epilimnetic water ranged from 2 to 32 kPa O2  and hypolimnetic 
water from 4 to 18 kPa O2 . Oxygen concentration of epilimentic water increased when
99
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sunlight reached the pool (08:00), whereas hypolimnetic water Po^ did not increase until 
later in the day (15:00).
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A) Temperatures and B) oxygen partial pressures for Brownstone Basin rock pool. 
Epilimnetic measurements (open circles) were collected 20 cm below pool surface. 
Hypolimnetic measurements (filled eircles) were collected 20 em above pool sediments. 
Arrows indicate the time of sunrise and sunset on 2 August 1999.
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APPENDIX II
SPECIES IDENTIFICATION 
Measurements were made of carapaee length (mm) (anterior margin to mid-dorsal 
terminus) and total body length (mm) (anterior margin of carapace to posterior margin of 
telson, not including the caudal furci). Those measurements were used to determine 
carapace ratio (carapace length/total body length). The total number o f body rings, 
number o f abdominal body rings (not covered by carapaee) and number o f telson spines 
were also measured. Morphological characteristics were compared to data published for 
Triops longicaudatus and T. newberryi (Sassaman, 1991). The following table shows 
morphological traits (mean ± S.E.M.) determined for species identification o f tadpole 
shrimp in Brownstone Basin. Field animals collected from a field survey. Normoxic, 
moderate and severe hypoxic animals were reared in laboratory under respective P0 2 .
Mophologieal data alone was not eonelusive for species identification o f the tadpole 
shrimp inhabiting the rock pool in Brownstone Basin. Therefore, sex ratios were 
determined to supplement morphological analyses. On two separate oecasions (n=l 86 on 
23 July 1999 and n=184 on 2 August 1999), the proportion of males in the field 
population was determined by collecting surfacing animals in dip nets. The proportion
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of males in the field population was 3% on 23 July 1999 and 5% on 2 August 1999. The 
population was female biased but males were not absent from the population. The 
morphological data combined with the sex ratio data support a species identification of 
Triops longicaudatus based on Sassaman et al. (1997) and further indicates this 
population has a Type III sex ratio pattern (female bias).
History n Sex
Total Body 
Rings
Abdominal 
Body Rings
Carapace
Ratio
# Telson 
Spines
Field 4 M 42.3 ± 1.5 18.5 ± 1.1 0.37 ±0.05 1.2 ± 0 .4
Field 22 F 41.7 + 2.5 18.1 ±2 .4 0.38 ±0.04 1.8 ±0 .7
Normoxie 9 M 42.5 ± 0.6 19.3 ± 1.3 0.43 ±0.10 1.5 ± 0 .6
Normoxic 9 F 41.3 ±2.1 17.9 ±2.3 0.45 ± 0.06 1.3 ± 0 .9
Moderate Hypoxie 6 M 42.3 ± 1.8 19.3 ±2 .0 0.38 ±0.07 1.2 ± 0 .6
Moderate Hypoxic 12 F 39.3+2.5 19.1 ±2.3 0.40 ± 0.06 1.0 ±0.85
Severe Hypoxic 10 M 41.3 ±3.2 19.0 ±3 .6 0.43 ± 0.06 1.0± 1.0
Severe Hypoxic 8 F 42.0 ±0.1 18.0 ±0 .2 0.35 ± 0.07 2.0 ± 1.4
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APPENDIX III
STATISTICS
Respiratory Surface Area
Kruskal-Wallis One Way Analysis o f Variance on Ranks 
Group N Missing Median 25% 75%
Normoxic 14 0 419.450 413.200 441.800
Moderate Hypoxic 14 0 416.915 414.230 432.100
Severe Hypoxic 14 0 412.170 411.630 414.000
H -  9.730 with 2 degrees of freedom. (P = 0.008)
All Pairwise Multiple Comparison Procedures (Tukey Test):
Comparison Diff of Ranks q P<0.05
Moderate Hypoxic vs Severe Hypoxic 186.500 7.063 Yes
Moderate Hypoxie vs Normoxic 125.000 0.545 No
Normoxic vs Severe Hypoxic 161.500 6.518 Yes
Developmental Effeets o f Mass on Respiratory Surfaee Area 
Analysis o f Covariance for Effects of Mass and Developmental P 0 2
Group DF Sum of Squares Mean Square F-value P-value
Oxygen 2 1477347.250 273873.625 7.418 <.0001
Mass 1 9705072.041 9705072.041 52.53 <.0001
Oxygen * Mass 2 1801947.633 900973.817 0.400 0.6734
Residual 36 6651145.014 184754.028
Seheffe for Respiratory Surfaee Area with Oxygen
Mean Diff. P-Value
Severe Hypoxic vs. Moderate Hypoxic 530.429 0.0061
Severe Hypoxic vs. Normoxic 612.357 0.0025
Moderate Hypoxic vs. Normoxic 381.929 0.0765
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Linear Regressions for Allometric Relationships o f Respiratory Surface Area
Animals reared under normoxie conditions 
R = 0.980 Rsqr = 0.960 Adj Rsqr = 0.967 
Standard Error o f Estimate = 3.560
Coefficient Std. Error t P
Constant 0.358 0.718 1.126 0.282
n-mass 1.769 0.0593 17.063 <0.001
Analysis o f Variance;
DF SS MS F P
Regression 1 3689.705 3689.705 291.159 <0.001
Residual 13 152.070 112.672
Total 14 3841.774 295.521
Animals reared under moderate hypoxic conditions 
R = 0.989 Rsqr = 0.978 Adj Rsqr = 0.987 
Standard Error o f Estimate = 1.742
Coefficient Std. Error t P
Constant 0.631 0.030 10.037 <0.001
m-mass 1.561 0.195 23.334 <0.001
Analysis o f Variance:
DF SS MS F P
Regression 1 1652.343 1652.343 544.488 <0.001
Residual 13 36.416 3.035
Total 14 1688.759 129.905
Animals reared under severe hypoxic conditions 
R = 0.993 Rsqr = 0.984 Adj Rsqr = 0.986 
Standard Error o f Estimate = 0.787
Coefficient Std. Error t P
Constant 0.901 0.265 27.633 <0.001
s-mass 1.177 0.152 9.825 <0.001
Analysis o f Variance:
DF SS MS F P
Regression 1 159.749 59.749 96.532 <0.001
Residual 13 17.427 0.619
Total 14 167.177 5.167
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Developmental Effects of Mass on Respiratory Surface Area 
Analysis o f Covariance for Effects o f Mass and Developmental P0 2
Group DF Sum of Squares Mean Square F-value P-value
Oxygen 2 1974856.211 1764813.218 7.418 <0001
Podite Length 1 1578934.867 9024734.154 52,53 <0001
Oxygen * PL 2 248461.374 924748.115 0.400 0.6734
Residual 36 2164613.279 163497.121
Linear Regressions for Allometric Relationships o f Podite Length 
Animals reared under normoxic conditions 
R = 0.990 Rsqr = 0.984 Adj Rsqr = 0.987 
Standard Error o f Estimate = 3.560
Coefficient Std. Error t P
Constant 3.169 0.0154 1.026 0.282
n-mass 1.186 0.1633 12.067 <0.001
Analysis o f Variance:
DF SS MS F P
Regression 1 3689.705 3689.705 291.159 <0.001
Residual 12 152.070 12.672
Total 13 3841.774 295.521
Animals reared under moderate hypoxie conditions 
R = 0.982 Rsqr = 0.978 Adj Rsqr = 0.979 
Standard Error o f Estimate = 1.742
Coefficient Std. Error t P
Constant 3.276 0.3280 10.037 <0.001
m-mass 1.246 0.2295 23.334 <0.001
Analysis o f Variance:
DF SS MS F P
Regression 1 1652.343 1652.343 544.488 <0.001
Residual 12 36.416 3.035
Total 13 1688.759 129.905
Animals reared under severe hypoxie conditions 
R = 0.967 Rsqr = 0.950 Adj Rsqr = 0.958 
Standard Error o f Estimate = 0.787
Coefficient Std. Error t P
Constant 3.128 0.0165 27.633 <0.001
s-mass 1.158 0.0752 9.825 <0.001
Analysis o f Variance:
DF SS MS F p
Regression 1 159.749 59.749 96.532 <0.001
Residual 12 17.427 0.619
Total 13 167.177 5.167
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Activity Level Relative to Ambient P 0 2
Pearson Product Moment Correlation
Cell Contents: activity relative to kPa O2
Correlation Coefficient 0.239
P Value 0.324
Number o f Samples 30
Mass-specifie oxygen consumption 
One Way Repeated Measures Analysis o f Variance
Treatment Name (exposure) N Missing Mean Std Dev SEM
Severe Hypoxic (20) 7 0 789.358 323.154 94.357
Moderate Hypoxic (20) 7 0 750.487 368.858 92.353
Normoxic (20) 7 0 722.361 374.339 98.724
Severe Hypoxie (2) 7 0 334.519 239.797 72.301
Moderate Hypoxie (2) 7 0 340.870 230.112 69.381
Normoxie (2) 7 0 333.740 226.934 68.423
Source o f Variation DF SS MS F P
Between Subjects 6 2083547.589 208351.159
Between Treatments 5 2727.999 909.333 23.696 0.032
Residual 28 7379.971 245.999
Total 39 2093619.559
All Pairwise Multiple Comparison Procedures (Bonferroni t-test):
Comparison Diff of Means t P P<0.050
Normoxie (20) vs. Moderate Hypoxic (20) 40.910 1.924 1.000 No
Normoxic (20) vs. Severe Hypoxie (20) 34.759 1.377 1.000 No
Mod Hypoxie (20) vs. Sev Hypoxie (20) 43.849 1.267 1.000 No
Normoxic (2) vs. Moderate Hypoxic (2) 10.910 1.645 1.000 No
Normoxic (2) vs. Severe Hypoxie (2) 14.759 1.397 0.841 No
Mod Hypoxic (2) vs. Severe Hypoxic (2) 13.849 1.012 1.000 No
Normoxic (2) vs. Normoxic (20) 390.910 6.365 <0.001 Yes
Mod Hypoxic (2) vs. Mod Hypoxic (20) 384.759 5.367 <0.001 Yes
Sev Hypoxic (2) vs. Sev Hypoxie (20) 293.849 4.002 <0.001 Yes
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Growth Rates
One Way Repeated Measures Analysis o f Variance
Treatment Name N Missing Mean Std Dev SEM
Normoxic 65 0 80.994 47.362 13.136
Moderate Hypoxic 65 0 74.783 44.323 12.293
Severe Hypoxic 65 0 75.945 34.701 9.624
Source o f Variation DF SS MS F P
Between Subjects 63 63038.518 5253.210
Between Treatments 2 283.542 141.771 1.787 0.189
Residual 24 1903.626 79.318
Total 38 65225.686
One Way Analysis o f Variance
Group Name N Missing Mean Std Dev SEM
Normoxic 65 0 133.542 2.801 1.400
Moderate Hypoxic 65 0 122.632 9.925 4.962
Severe Hypoxic 65 0 108.783 4.620 2.310
Source o f Variation DF SS MS F P
Between Groups 2 1231.792 615.896 14.470 0.002
Residual 9 383.060 42.562
Total 11 1614.851
All Pairwise Multiple Comparison Procedures (Bonferroni t-test): 
Comparison Diff of Means t
Normoxie vs. Severe Hypoxie 24.759 5.367
Normoxic vs. Moderate Hypoxie 10.910 2.365
Moderate Hypoxic vs. Severe Hypoxic 13.849 3.002
P P<0.050 
0.001 Yes 
0.127 No 
0.057 No
Developmental Effects Allometry o f Mass-Specific Podite Length 
Analysis of Covarianee for Effects o f Mass and Developmental P0 2
Group DF Sum of Squares Mean Square F-value P-value
Oxygen 2 19856.211 648413.218 0.218 0.2491
Podite Length/Mass 1 15734.867 134734.154 6.377 0.0467
Oxygen * PL/M 2 2461.374 174748.115 0.400 0.6734
Residual 36 21613.279 3523497.121
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Linear Regressions for Allometric Relationships o f Mass-Specific Podite Length
Animals reared under normoxic conditions 
R = 0.763 Rsqr = 0.738 Adj Rsqr = 0.746 
Standard Error o f Estimate = 2.714
Coefficient Std. Error t P
Constant -0.388 0.0184 1.126 0.282
n-mass 1.186 0.1593 17.063 <0.001
Analysis o f Variance:
DF SS MS F P
Regression 1 3689.705 3689.705 11.159 0.010
Residual 12 152.070 12.672
Total 13 841.774 95.521
Animals reared under moderate hypoxic conditions 
R = 0.735 Rsqr = 0.704 Adj Rsqr = 0.713 
Standard Error o f Estimate = 1.339
Coefficient Std. Error t P
Constant -0.464 0.3420 1.037 0.367
m-mass 1.246 0.1297 21.314 <0.001
Analysis o f Variance:
DF SS MS F P
Regression 1 1622.343 1652.343 12.418 0.006
Residual 12 26.416 3.035
Total 13 1678.229 129.905
Animals reared under severe hypoxic conditions 
R = 0.722 Rsqr = 0.682 Adj Rsqr = 0.689 
Standard Error o f Estimate =1.271
Coefficient Std. Error t P
Constant -0.346 0.0175 1.633 0.374
s-mass 1.158 0.0682 12.825 0.021
Analysis o f Variance:
DF SS MS F P
Regression 1 159.749 37.749 4.532 0.043
Residual 12 13.768 0.679
Total 13 154.177 5.147
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Ventilatory Rates:
Kruskal-Wallis One Way Analysis o f Variance on Ranks
Group/Poa N Missing Median 2 5 % 7 5 %
Nomi/20 13 0 62.000 6 0 . 2 5 0 9 8 . 3 2 5
Norm/13.3 13 0 68.000 45.500 95.000
Norm/10 13 0 65.000 33.500 100.750
Norm/1 13 0 53.000 45.575 82.000
Mod/20 13 0 76.000 63.000 100.900
Mod/13.3 13 0 71.000 56.250 90.250
Mod/10 13 0 84.000 57.000 88.000
Mod/1 13 0 69.000 55.000 88.750
Hyp/20 13 0 74.000 35.750 125.250
Hyp/13.3 13 0 85.000 58.000 95.750
Hyp/10 13 0 88.000 61.750 97.000
hyp/1 13 0 63.000 52.000 86.750
H = 6.690 with 11 degrees of freedom. (P = 0.824)
Ventilatory Amplitude:
Kruskal-Wallis One Way Analysis o f Variance on Ranks
Group/Poa N Missing Median 2 5 % 7 5 %
NomV20 13 0 61.000 43.750 69.500
Norm/13.3 13 0 73.000 53.000 89.750
Norm/10 13 0 88.000 67.000 104.250
Norm/1 13 0 85.000 60.000 102.250
Mod/20 13 0 71.000 40.750 75.000
Mod/13.3 13 0 58.000 50.250 69.750
Mod/10 13 0 82.000 54.750 8 6 . 2 5 0
Mod/1 13 0 61.000 49.750 81.000
Hyp/20 13 0 46.000 33.250 69.750
Hyp/13.3 13 0 58.000 44.500 86.500
Hyp/10 13 0 63.000 46.750 84.000
Hyp/1 13 0 52.000 44.750 52.750
H = 14.963 with 11 degrees o f freedom. (P = 0.184)
R eproduced  with perm ission of the copyright owner. Further reproduction prohibited without perm ission.
1 1 0
Heart Rate:
One Way Repeated Measures Analysis o f Variance
Treatment/Poa N Missing Mean Std Dev SEM
Nonnoxie/20 13 0 2 8 1 . 3 2 4 6.700 6.026
Normoxie/10 13 0 2 8 6 . 8 4 6 5.703 4.750
Normoxie/5 13 0 260.231 11.700 7.026
Normoxic/2 13 0 226.154 6 . 5 7 9 5 . 9 9 3
Moderate/20 13 0 2 6 2 . 9 2 3 2 . 7 2 2 3 . 7 5 5
Moderate/10 13 0 259.769 6 . 1 2 6 6.144
Moderate/5 13 0 245.154 7.184 6 . 8 8 3
Moderate/2 13 0 2 2 3 . 8 4 6 6.211 8 . 8 9 0
Hypoxic/20 13 0 275.308 3 . 5 6 8 6.990
Hypoxic/10 13 0 2 7 9 . 6 9 2 11.250 2.901
Hypoxic/5 13 0 268.308 7.797 5.499
Hypoxic/2 13 0 238.154 9.819 6.504
Source o f Variation DF SS MS F P
Between Subjects 12 147.223 24.827
Between Treatments 11 37120.224 322.293 26.650 0.0391
Residual 132 2692.692 12.036
Total 155 567506.840
All Pairwise Multiple Comparison Proeedures (Bonferroni t-test):
Comparison Diff o f Means t P P<0.050
Normoxic/20 vs. Normoxic/2 91.567 7.738 <0.001 Yes
Normoxic/20 vs. Normoxic/5 42.900 2.975 0.461 No
Normoxic/20 vs. Normoxic/10 30.000 2.081 1.000 Do Not Test
Moderate/20 vs. Moderate/2 89.000 6.172 <0.001 Yes
Moderate/20 vs. Moderate/5 20.333 1.410 1.000 Do Not Test
Moderate/20 vs. Moderate/10 20.000 1.387 1.000 Do Not Test
Hypoxic/20 vs. Hypoxic/2 28.000 1.942 1.000 Do Not Test
Hypoxic/20 vs. Hypoxic/5 28.000 1 . 9 4 2 1.000 Do Not Test
Hypoxic/20 vs. Hypoxic/10 20.000 1.387 1.000 Do Not Test
Normoxic/2 vs. Moderate/2 30.950 1.614 1.000 Do Not Test
Normoxic/2 vs. Hypoxic/2 78.667 12.762 <0.001 Yes
Normoxic/5 vs. Moderate/5 22.000 1 . 6 8 7 1.000 Do Not Test
Normoxic/5 vs. Hypoxic/5 31.000 1.618 1.000 Do Not Test
N o r m o x i c / 1 0  vs. M o d e r a t e / 1 0 87.950 8.614 <0.001 Yes
Normoxic/10 vs. Hypoxic/10 3 8 . 6 6 7 1.762 1.000 Do Not Test
Normoxic/20 vs. Moderate/20 30.950 1.614 1.000 Do Not Test
Normoxic/20 vs. Hypoxic/20 28.667 4.762 1.000 Do Not Test
R eproduced  with perm ission of the copyright owner. Further reproduction prohibited without perm ission.
I l l
Stroke Volume:
One Way Repeated Measures Analysis o f Variance
Treatment/Poa N Missing Mean Std Dev SEM
Normoxic/20 13 0 0.199 0.0111 0.00308
Normoxic/10 13 0 0.195 0.00811 0.00225
Normoxic/5 13 0 0.199 0.0111 0.00308
Normoxic/2 13 0 0.171 0.0107 0.00298
Moderate/20 13 0 0.195 0.00817 0.00226
Moderate/10 13 0 0.209 0.0124 0.00343
Moderate/5 13 0 0.201 0.00955 0.00265
Moderate/2 13 0 0.159 0.00963 0.00267
Hypoxic/20 13 0 0.202 0.0107 0.00297
Hypoxic/10 13 0 0.206 0.00975 0.00270
Hypoxic/5 13 0 0.211 0.00539 0.00150
Hypoxic/2 13 0 0.210 0.00546 0.00151
Source o f Variation DF SS MS F p
Between Subjects 12 0.00247 0.000205
Between Treatments 11 0.0364 0.00331 40.650 <0.001
Residual 132 0.0107 0.0000813
Total 155 0.0496
All Pairwise Multiple Comparison Procedures (Bonferroni t-test):
Comparison D iff o f Means t P P<0.050
Normoxie/20 vs. Normoxic/2 0.537 3.138 1.000 Do Not Test
Normoxic/20 vs. Normoxic/5 0.900 2.975 0.461 No
Normoxic/20 vs. Normoxic/10 0.258 2.081 1.000 Do Not Test
Moderate/20 vs. Moderate/2 0.349 1.172 1.000 Do Not Test
Moderate/20 vs. Moderate/5 2.333 1.610 1.000 Do Not Test
Moderate/20 vs. Moderate/10 0.789 1.387 1.000 Yes
Hypoxic/20 vs. Hypoxic/2 0.913 1.942 1.000 Do Not Test
Hypoxic/20 vs. Hypoxic/5 0.559 1.842 1.000 Do Not Test
Hypoxic/20 vs. Hypoxic/10 0.387 1.377 1.000 Do Not Test
Normoxic/2 vs. Moderate/2 0.950 1.614 1.000 Do Not Test
Normoxie/2 vs. Hypoxic/2 0.667 12.762 0.097 No
Normoxic/5 vs. Moderate/5 0.472 1.687 1.000 Do Not Test
Normoxic/5 vs. Hypoxic/5 0.360 1.618 1.000 Do Not Test
Normoxic/10 vs. Moderate/10 0.950 9.267 <0.001 Yes
Normoxic/10 vs. Hypoxic/10 0.667 1.762 1.000 Do Not Test
Normoxic/20 vs. Moderate/20 0.950 1.614 1.000 Do Not Test
Normoxie/20 vs. Hypoxie/20 0.667 4.762 1.000 Do Not Test
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Cardiac Output:
One Way Repeated Measures Analysis o f Variance
Treatment/Poa N Missing Mean Std Dev SEM
Normoxic/20 13 0 66.231 3.700 2 . 0 2 6
Normoxic/10 13 0 64.846 2.703 2.750
Normoxic/5 13 0 66.231 3.700 3 . 0 2 6
Normoxic/2 13 0 57.154 3 . 5 7 9 1.993
Moderate/20 13 0 6 4 . 9 2 3 2 . 7 2 2 3.755
Moderate/10 13 0 69.769 4.126 4.144
Moderate/5 13 0 67.154 3.184 4.883
Moderate/2 13 0 5 2 . 8 4 6 3.211 3.890
Hypoxie/20 13 0 67.308 3 . 5 6 8 2.990
Hypoxie/10 13 0 68.692 3.250 2.901
Hypoxic/5 13 0 70.308 1.797 1.499
Hypoxic/2 13 0 70.154 1.819 3.504
Source o f Variation DF S S MS F P
Between Subjects 12 2 7 3 . 9 2 3 2 2 . 8 2 7
Between Treatments 11 4040,,224 367.293 40.650 <0.001
Residual 132 1192,, 6 9 2 9.036
Total 155 5506,, 8 4 0
All Pairwise Multiple Comparison Procedures (Bonferroni •t-test):
Comparison Diff o f Means t P P<0.050
Normoxic/20 vs. Normoxic/2 5 . 4 6 2 4 . 6 3 2 <0.001 Yes
Normoxic/20 vs. Normoxic/5 3.000 2.544 0.798 Do Not Test
Normoxic/20 vs. Normoxic/10 34.258 2.081 1.000 Do Not Test
Moderate/20 vs. Moderate/2 5 . 3 8 5 4.567 <0.001 Yes
Moderate/20 vs. Moderate/5 2 0 . 3 3 3 1.610 1.000 Do Not Test
Moderate/20 vs. Moderate/10 20.789 1.387 1.000 Do Not Test
Hypoxic/20 vs. Hypoxic/2 27.913 1 . 9 4 2 1.000 Do Not Test
Hypoxic/20 vs. Hypoxic/5 2 8 . 5 5 9 1.842 1.000 Do Not Test
Hypoxic/20 vs. Hypoxic/10 20.387 1.377 1.000 Do Not Test
Normoxic/2 vs. Moderate/2 30.950 1.614 1.000 Do Not Test
Normoxic/2 vs. Hypoxic/2 17.462 14.810 <0.001 Yes
Normoxic/5 vs. Moderate/5 2 2 . 4 7 2 1.687 1.000 Do Not Test
Normoxic/5 vs. Hypoxic/5 31.360 1.618 1.000 Do Not Test
Normoxic/10 vs. Moderate/10 87.950 2 . 2 6 7 1.000 Do Not Test
Normoxic/10 vs. Hypoxic/10 3 8 . 6 6 7 1.762 1.000 Do Not Test
Normoxic/20 vs. Moderate/20 32.950 1.614 1.000 Do Not Test
Normoxic/20 vs. Hypoxic/20 27.667 4.762 1.000 Do Not Test
R eproduced  with perm ission of the copyright owner. Further reproduction prohibited without perm ission.
113
Hemoglobin Concentration:
One Way Analysis o f Variance
Group Name N Missing Mean Std Dev SEM
Normoxic 10 0 9.569 2.094 0.662
Moderate Hypoxic 10 0 2.838 3.989 1.262
Severe Hypoxic 10 0 19.832 2.748 0.869
Source o f Variation DF SS MS F P
Between Groups 2 1464.753 732.376 78.880 <0.001
Residual 27 250.686 9.285
Total 29 1715.439
All Pairwise Multiple Comparison Procedures (Bonferroni t-test):
Comparison Diff o f Means t P P<0.050
Severe Hypoxic vs. Moderate Hypoxic 16.994 12.471 <0.001 Yes
Severe Hypoxic vs. Normoxic 10.263 7.532 <0.001 Yes
Normoxic vs. Moderate Hypoxic 6.731 4.939 <0.001 Yes
One Way Repeated Measures Analysis of Variance
Treatment-days N Missing Mean Std Dev SEM
Normoxic Severe Hypoxic-0 10 0 9.557 1.769 0.669
Normoxic -> Severe Hypoxic -5 10 0 11.000 1.395 0.527
Normoxic Severe Hypoxic -7 10 0 12.771 2.919 1.103
Normoxic Severe Hypoxic -10 10 0 18.171 2.488 0.941
Severe H ypoxic-> Normoxic-0 10 0 19.829 2.313 0.874
Severe Hypoxic -> Normoxic -5 10 0 22.471 3.351 1.267
Severe Hypoxic Normoxic -7 10 0 23.014 1.733 0.655
Severe Hypoxic -> Normoxic -10 10 0 23.000 2.626 0.992
Source o f Variation DF SS MS F P
Between Subjects 9 24.709 4.118
Between Treatments 7 1532.577 218.940 36358 <0.001
Residual 42 252.914 6.022
Total 55 1810.200
All Pairwise Multiple Comparison Procedures (Bonferroni 1t-test):
Comparison D iff o f Means t P P<0.050
SEVERE vs. NORMOXIC 10.271 7.831 <0.001 Yes
SEV-5 vs. NORM-5 11.471 8.746 <0.001 Yes
SEV-7 vs. NORM-7 10.243 7.809 <0.001 Yes
SEV-lOvs. NORM -10 4.829 3.681 0.018 Yes
SEV-5 vs. SEVERE 2.643 2.015 1.000 Do Not Test
SEV-7 vs. SEV-5 0.543 0.414 1.000 Do Not Test
SEV-7 vs. SEV-10 10.0143 6.011 <0.001 Yes
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Hemoglobin Oxygen-Binding Curves:
Friedman Repeated Measures Analysis o f Variance on Ranks
Group N Missing Median 25% 75%
Normoxic 257 0 85.716 62.605 86.581
Moderate Hypoxic 257 0 90.674 59.603 92.107
Severe Hypoxic 257 0 92.431 87.674 92.449
Chi-square= 400.436 with 2 degrees of freedom. (P = <0.001)
All Pairwise Multiple Comparison Procedures (Tukey Test):
Comparison D iff of Ranks q P<0.05
Severe Hypoxic vs Normoxic 432.000 26.947 Yes
Severe Hypoxic vs Mod Hypoxic 36.000 0.959 Do Not Test
Mod Hypoxic vs Normoxic 26.000 0.488 Do Not Test
£ 5 0 i
Kruskal-Wallis One Way Analysis o f Variance on Ranks
Group N Missing Median 25% 75%
Norm-P50 7 0 1.140 1.093 1.197
Mod Hyp-P50 7 0 0.830 0.808 0.853
Sev Hyp-P50 7 0 0.500 0.490 0.508
H = 17.888 with 2 degrees of freedom. (P = <0.001)
All Pairwise Multiple Comparison Procedures (Tukey Test):
Comparison Diff of Ranks q P<0.05 
Norm-P50 vs Sev Hyp-P50 98.000 5.970 Yes 
Norm-P50 vs Mod Hyp-P50 49.000 2.985 No 
Mod Hyp-P50 vs Sev Hyp-P50 49.000 2.985 No
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N hI
Analysis o f Covariance for Effects of P0 2  and Hemoglobin Saturation:
Group DF Sum of Squares Mean Square F-value P-value
Saturation 2 47.380 73.622 3.400 0.8641
P0 2 1 972.031 172.031 12.53 <.0001
Saturation * P 0 2 2 237.659 473.137 16.877 0.0034
Residual 36 51145.014 14754.028
Scheffe for Hemoglobin Cooperativity with Oxygen
Mean Diff. P-Value
Severe Hypoxic vs. Moderate Hypoxic 10.429 0.0758
Severe Hypoxic vs. Normoxic 19.357 <0.001
Moderate Hypoxic vs. Normoxic 12.929 <0.001
Median 25% 75%
4.103 2.900 5.375
8.280 6.025 10.575
19.370 15.275 22.750
Oxygen Carrying Capacity:
Kruskal-Wallis One Way Analysis of Variance on Ranks 
Group N Missing
Normoxic 7 0
Moderate Hypoxic 7 0
Severe Hypoxic 7 0
H = 17.830 with 2 degrees o f freedom. (P = <0.001)
All Pairwise Multiple Comparison Procedures (Tukey Test):
Comparison Diff of Ranks q P<0.05
Severe Hypoxic vs Normoxic 98.000 5.970 Yes
Severe Hypoxic vs Moderate Hypoxic 49.000 2.985 No
Moderate Hypoxic vs Normoxic 49.000 2.985 No
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Oxygen Consumption/Transport Coupling:
Kruskal-Wallis One Way Analysis of Variance on Ranks
Group-Po] N Missing Median 25% 75%
Normoxic-20 7 0 2.380 2.345 2.408
Normoxic-10 7 0 1.650 1.595 1.722
Normoxic-5 7 0 1.270 1.178 1.415
Normoxic-2 7 0 1.050 0.700 1.380
Moderate-20 7 0 1.180 1.083 1.373
Moderate-10 7 0 0.640 0.538 0.882
Moderate-5 7 0 0.590 0.240 1.055
Moderate-2 7 0 0.540 0.308 0.797
Severe-20 7 0 0.530 0.243 0.677
Severe-10 7 0 0.160 0.123 0.542
Severe-5 7 0 0.190 0.0300 0.443
Severe-2 7 0 0.0700 0.0375 0.343
H = 65.077 with 11 degrees of freedom. (P = <0.001)
All Pairwise Multiple Comparison Procedures (Tukey Test):
Comparison Diff of Ranks q P<0.05
Normoxic-20 vs Moderate-20 481.000 7.453 Yes
Normoxic-20 vs Severe-20 652.000 9.004 Yes
Normoxic-10 vs Moderate-10 422.500 6.547 Yes
Normoxic-10 vs Severe-10 363.000 5.625 Yes
Normoxic-5 vs Moderate-5 242.000 3.750 Do Not Test
Normoxic-5 vs Severe-5 327.500 5.075 Yes
Normoxic-2 vs Moderate-2 293.000 4.540 No
Normoxic-2 vs Severe-2 193.000 2.991 Do Not Test
Normoxic-20 vs Normoxic-10 421.000 6.833 Yes
Normoxic-10 vs Normoxic-5 312.000 4.834 Yes
Normoxic-5 vs Normoxic-2 51.000 0.790 Do Not Test
Moderate-20 vs Moderate-10 430.000 6.663 Yes
Moderate-10 vs Moderate-5 401.000 6.214 Yes
Moderate-5 vs Moderate-2 371.500 5.756 Yes
Severe-20 vs Severe-10 58.000 0.595 Do Not Test
Severe-10 vs Severe-5 287.500 4.455 No
Severe-5 vs Severe-2 276.500 4.284 Do Not Test
Normoxic-20 vs Normoxic-5 442.000 8.200 Yes
Normoxic-20 vs Normoxic-2 492.000 7.300 Do Not Test
Moderate-20 vs Moderate-5 146.000 2.262 Do Not Test
Moderate-20 vs Moderate-2 430.000 6.663 Yes
Severe-20 vs Severe-5 312.000 4.834 Yes
Severe-20 vs Severe-2 338.500 5.245 Yes
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